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Abstract 
The shortage of clean water is one of the most serious environmental problems in the 
21
st
 century. Methods such as chlorination, U V irradiation and ozonation are 
currently used for water disinfection. However, each of these methods has its own 
disadvantages or limitations. Therefore, numerous studies were carried out on the use 
of photocatalytic oxidation (PCO) for water disinfection. P C O relies on the use of 
semiconductor photocatalysts such as titanium dioxide (TiO〗）to form charged 
carriers (electron-hole pairs) upon UV-A (wavelength < 385 nm) irradiation. These 
carriers react with oxygen and water molecules adsorbed on the TiC>2 surface, 
respectively, to generate highly oxidative hydroxyl radicals (*OH) for the inactivation 
of bacterial cells. 
In the present study, the inactivation efficiency (I.E.) of P C O on a Gram-positive 
bacterium, Staphylococcus saprophyticus, and a Gram-negative bacterium, 
Enterobacter cloacae, was compared. Parameters such as photocatalyst (titanium 
dioxide, P25) concentration, U V intensity, stirring speed and cell density were 
optimized. Results showed that under the optimal conditions, complete inactivation 
of both bacterial species was achieved within 10 and 50 min with initial cell 
z： n 
concentrations of 10 and 10 cfu/mL, respectively. Besides, it was found that the 
inactivation of S. saprophyticus was slower than that of E. cloacae under the same 
experimental conditions. 
Other modified photocatalysts including silver sensitized P25 (Ag/P25), silicon 
dioxide doped titanium dioxide (Si02-Ti02) and copper(I) oxide sensitized P25 
(CU20/P25) were also employed in this study. They were irradiated by different light 
sources (i.e. UV-A, visible light and fluorescent lamps) and the bacterial inactivation 
ii 
was compared with that of using P25. It was found that Ag/P25 in optimal loading 
had higher inactivation efficiency than P25 under UV-A irradiation. While in the 
visible light study, only CU20/P25 exhibited certain inactivation towards the two 
bacterial species. On the other hand, both P25 and Ag/P25 showed faster bacterial 
inactivation than Si02-Ti02 and Cu2〇/P25 when fluorescent lamps were used, 
although the overall inactivation rate was slower than that of using UV-A. 
In the course of P C O reaction, the degree of damage of cell structure at fixed time 
intervals was investigated by transmission electron microscopy (TEM). It was found 
that cell destruction was parallel to the inactivation of the bacteria in the Ti〇2 and 
U V experiments. In addition, disintegration of cells was observed in the late stages of 
P C O reaction. However, by using CU20/P25 as photocatalyst, cell destruction 
occurred in a much slower rate and the cell structures remained intact even after 24 h 
of visible light irradiation though they had already been completely inactivated in a 
much earlier period of time. 
Finally, catalase (CAT) test and superoxide dismutase (SOD) activity assay were 
carried out to determine the activities of CAT and S O D in both bacterial cells. It was 
found that S. saprophyticus had a higher CAT activity when compared with E. 
cloacae while the S O D activities in both cells had no significant difference. The 
higher CAT activity of S. saprophyticus is believed to be one of the reasons for the 
higher resistance of the cell towards PCO disinfection. 
iii 
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1.1 Water disinfection 
Water disinfection becomes one of the most important environmental issues in this 
century especially in the developing countries, where the availability of water, either 
for drinking or for irrigation is scarce (Schafer et al., 2000). According to the Water, 
Sanitation and Hygiene Links to Health: Facts and Figures from World Health 
Organization ( W H O , 2004), there are about 1.8 million people die every year due to 
the diarrhoeal diseases. Moreover, there were 2.6 billion people (42% of global 
population) lacked access to improved sanitation water in 2002 and over half of them 
were living in China and India. Common waterborne bacterial agents include Vibrio 
cholerae, Campylobacter, Salmonella, Shigella, and the diarrheogenic Escherichia 
coli (Centers for Disease Control and Prevention (CDC), 2005). They may cause a 
wide range of syndromes including acute dehydration (cholera), prolonged febrile 
illness with abdominal symptoms (typhoid fever) and chronic diarrhea (Brainerd 
diarrhea), etc (CDC, 2005). Since the pathological microorganisms pose a potentially 
serious health risk to the population with limited access to clean water, water 
purification is essential to cope with the problem. 
In the present study, bacterial disinfection through an advanced oxidation process 
(AOP) — photocatalytic oxidation (PCO) was studied and two bacterial species, 
Staphylococcus saprophyticus and Enterobacter cloacae were selected as examples 
to demonstrate the disinfection of bacteria by the P C O process. 
1 
1.2 Bacterial species 
1.2.1 Staphylococcus saprophyticus (Kloos and schleifer, 1986) 
S. saprophyticus is Gram-positive, chemoorganotrophic and facultative anaerobic 
bacterium belonging to the family of Micrococcaeae. It is non-spore forming and 
most of the Staphylococcus species grow in the presence of 10% NaCl and between 
18 to 40°C. The bacterial cell is spherical in shape of about 0.8 - 1.5 p m in diameter 
and occurs single, in pairs and rarely as tetrads (Plate 1.1 (A)). It contains a relatively 
think cell wall composed of peptidoglycan and teichoic acid. Its colony is about 5-9 
m m in size, circular in shape, slightly convex with a smooth surface and is usually 
glisten and opaque. The appearance of the colonies is shown in Plate 1.1 (B). 
Plate 1.1 The (A) cell and (B) colony morphology of Staphylococcus saprophyticus. 
The natural populations of Staphylococcus species mainly find in skin, skin glands 
and mucous membrane of warm-blooded animals while some species can be isolated 
from a variety of animal products (e.g. meat, milk, cheese) and environmental 
sources (e.g. soil, sand, dust, air or nature waters). S. saprophyticus is opportunistic 
pathogen that associated with acute urinary tract infections of young adult women. 
2 
1.2.2 Enterobacter cloacae (Richard, 1984) 
E. cloacae is Gram-negative, facultatively anaerobic bacterium belonging to the 
family of Enterobacteriaceae. The cells are straight rods of 0.6 - 1.0 \im wide and 1.2 
-3.0 \xm long (Plate 1.2(A)). The colonies formed are circular with 2 - 3 m m in 
diameter (Plate 1.2(B)). The bacteria are naturally resistant to ampicillin and are 
motile. Strains from environmental sources grow better at 20 - 30°C rather than at 
37°C of the clinical strains. 
㈧ | J ^ ^ i l ⑶ , 
——I 
Plate 1.2 The (A) cell and (B) colony morphology of Enterobacter cloacae. 
E. cloacae is the most frequently isolated Enterobacter species from man and 
animals and are found in human and animal feces. However, it is not known to be 
enteric pathogen. It is commonly found in water, sewage, soil and meat, hospital 
environments and on the skin and in the intestinal tracts of man and animals as a 
commensal. E. cloacae is opportunistic pathogens isolated from urine, sputum and 
respiratory tract, pus arid occasionally from blood or spinal fluid. It is also associated 
with urinary tract and respiratory infections. 
3 
1.3 Disinfection methods 
In order to remove the microbes either in the water for drinking or in the wastewater 
effluents, various methods for disinfection have been developed. All of these 
methods aimed at inactivating or destroying the microorganisms so that standards for 
water quality can be met. The disinfection methods can be categorized as physical or 
chemical processes and each of them has its own advantages and limitations in the 
water treatment process. 
1.3.1 Physical methods 
1.3.1.1 UV-C irradiation 
Direct application of U V light with the wavelength of 254 n m (UV-C) is one of the 
methods used for water disinfection (Watts et al., 1995; Lubello et al., 2002; Lehtola 
et al” 2003). It inactivates both bacteria and viruses (Harris et al.f 1987; Wolfe, 1990; 
Parrotta et al” 1998) and can provide a high rate of sterilization at room temperature 
(Kim et al” 2003). 
Cellular proteins and nucleic acids are strongly absorptive to U V especially at 
wavelength of 250 - 260 n m (Lubello et al., 2002). When exposing cells to UV-C 
irradiation, bonding will be formed between adjacent thymines on the same D N A 
strand causing thymine dimers formation. These thymine dimers interrupt the correct 
transcription and replication of D N A during cell reproduction processes (American 
Water Works Association, 1990; Lindenauer & Darby, 1994; Liu et al., 1995). 
Although UV-C irradiation rarely produces potentially hazardous by-products, the 
cost is relatively high when compared with other methods such as chlorination (Li et 
al., 1996). Also, this type of high energy radiation is injurious to health and is 
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involved in occupational medicine risks (Ktihn et al., 2003). Due to the limited depth 
of penetration and transmission of UV-C, the distance between the light source and 
the materials being disinfected should not be large (Das, 2002; Ktihn et al” 2003). 
Moreover, U V irradiation is only effective when there are no obstacles and pits in the 
area of application. There is a chance of bacterial mutants formation or 
photoreactivation since bacteria are only inactivated without destruction (Lindenauer 
& Darby，1994; Kashimada et al” 1996). 
1.3.1.2 Solar disinfection 
Solar disinfection has been used for improving the water quality especially in the 
developing countries with limited resources where accessing to clean drinking water 
is of the primary concern (Joyce et al, 1996; Reed, 1997; McGuigan et al, 1999). 
There is only about 3 % of solar energy contributed to U V irradiation (200 — 400 nm) 
(Zhang et al., 1994; Yu et al.f 2005). Therefore, disinfection by solar irradiation may 
not be effective especially in the turbid water bodies in which the U V irradiation 
cannot penetrate through. However, it was found that the elevated temperature under 
direct sunlight exhibited pronounced antibacterial effect (Joyce et al” 1996). The 
temperature under strong sunshine can reach over 55°C (Wegelin et al, 1994; Joyce 
et al” 1996) and this temperature is high enough for the inactivation of bacteria and 
other microorganisms. 
Although solar disinfection is promising in bacterial disinfection, it has a number of 
limitations. For example, solar disinfection can only be carried out in limited 
geographical locations that have plenty of sunshine. Also, the disinfection efficiency 
has a great variation due to the daily and seasonal variation in the sunlight intensity. 
Furthermore, a high temperature (about 55°C) is essential since the inactivation 
5 
process mainly rely on heat especially in the water with high turbidity. Lastly, when 
compared with other methods, a longer time is required for disinfection (Salih, 
2002). 
1.3.2 Chemical methods 
1.3.2.1 Chlorination 
Chlorination is one of the most commonly used methods in disinfection. It has been 
used for over hundreds of years and known as an universal practiced water 
disinfection process. The operational cost of chlorination is low since a low dosage is 
already effective for bacterial disinfection. Moreover, it can function in a broad range 
of pH (Huang et al” 1997) without affecting its ability for disinfection. 
When chlorine (CI2) is dissolved in water, hypochlorous acid (HOC1) and 
hydrochlorite ion (OCT) are formed (Das, 2002). These are the free available 
chlorine molecules that inactivate microorganisms such as bacteria and viruses 
through oxidation reactions (Watts et al., 1995). 
Although chlorination is reliable and the operational cost is relatively low, there are a 
number of problems associated with the use of this method. First, since chlorine is 
highly oxidative, it will react with chemicals present in the wastewater and therefore, 
reducing its residual amount in the wastewater for disinfection (Das, 2002). Besides, 
toxic disinfection by-products such as trihalomethanes (THMs) and haloacetic acids 
(HAAs) will be formed which are considered potentially carcinogenic (Bull et al, 
1990; Kim et al, 2001; Das, 2002; Dunlop et al” 2002; Rodriguez et al, 2004). 
Some compounds are even identified as probable human carcinogens such as 
chloroform, bromodichloromethane and bromoform (Pedahzur et al, 1995). In order 
6 
to meet the stringent United States Environmental Protection Agency (USEPA) 
regulations, dechlorination and the installation of scrubbing safety equipments are 
required which would increase the cost for chlorination (Sun et al” 2003). 
1.3.2.2 Ozonation 
Ozone (O3) has been used for drinking water treatment in many states in the U S 
(Arana et al” 2002; Bonacquisti, 2006). Ozonation is a process that relies on the 
infusion of ozone to destroy bacteria and other microorganisms. Both O3 and the 
decomposed product hydroxyl radicals (*OH) have strong oxidizing power and are 
responsible for the disinfection process (Richardson et al” 1999; Meunier et al, 
2006). 
The use of O3 in potable water treatment can improve finished water quality by 
reducing the water turbidity. Also, the application of it can reduce the formation of 
many halogenated disinfection by-products such as T H M s and H A A s (Guay et al, 
2005; Bonacquisti, 2006). 
However, the major concern is the high operational cost of ozonation (Goswami et 
al, 1997; Belhacova et al” 1999). Besides, residual levels of O3 are hazardous to 
human beings (Goswami et al” 1997). There is also possibility of formation of 
bromate from bromide (Tyrovola & Diamadopoulos, 2005; Bonacquisti, 2006; 
Meunier et al, 2006). The bromate ions formed may function as genotoxic 
carcinogen and thus its maximum contaminant level (MCL) in the U S A is restricted 
to 0.010 mg/L in drinking water (Bonacquisti, 2006). 
7 
1.3.2.3 Mixed disinfectants 
In many occasions, mixed disinfectants are used to enhance the disinfection 
efficiency since each disinfecting agent has its own advantages and reactivity toward 
different cellular structures. For examples, it was found that the disinfection of 
bacteria and viruses were more efficient by incorporating the use of chlorine and 
ozonation (Szal et al” 1991; Abarnou et al., 1992; Driedger et al., 2000; Cho et al., 
2003). It improved the water quality through the removal of toxic and mutagenic 
compounds (Langlais et al, 1992). 
A study focused on the use of small amounts of oxidants such as O3，chlorine dioxide 
(CIO2) and H2O2 in supplement to CI2 is another approach for bacterial disinfection 
(Son et al., 2005). Results from this study indicated that all of the combinations of 
O3/CI2, CIO2/CI2 and H2O2/CI2 showed enhanced rate of disinfection to Bacillus 
subtilis spores when compared with using CI2 alone. It was due to the synergistic 
effect of the mixed oxidants and/or the formation of unknown reaction intermediates 
that have certain disinfection abilities (Son et al., 2005). 
1.3.3 Other disinfection methods 
Other physicochemical methods such as activated carbon adsorption, coagulation and 
filtration have been adopted for removing microorganisms (Sun et al., 2003). 
According to the Guidelines for Drinking-Water Quality: Microbial Aspect, W H O 
(2004)，about 30% of bacterial removal can be achieved by conventional clarification 
(coagulation) process. On the other hand, there were over 50 and 99.9% of bacterial 
removal through slow sand filtration and microfiltration processes, respectively. 
The efficiencies of the above physicochemical methods varied due to the materials 
8 
and agents used for disinfection. However, it should be note that the adsorption, 
coagulation and filtration are only separation processes which remove the target 
microorganisms from the liquid phase into the solid form. Further treatment and 
disposal and replacement of the adsorbent materials or solid wastes are required 
which increases the operational cost in the whole treatment process (Perez et al, 
2006). 
1.4 Advanced oxidation processes (AOPs) 
Advanced oxidation processes (AOPs) are chemical reactions which resulted in the 
generation of highly reactive hydroxyl radicals (*OH). These radicals are responsible 
for the degradation of organic compounds and inactivation of microorganisms 
(Pera-Titus et al.} 2004; Bobu et al., 2006). AOPs can be either a homogeneous or a 
heterogeneous system (Bobu et al., 2006). They include O3, O3/H2O2, UV, UV/O3, 
UV/H2O2, Fenton's reagent, photo-Fenton and photocatalytic oxidation (PCO) 
(Pera-Titus et al” 2004; Beltran et al” 2005; Bobu et al” 2006; Munoz et al, 2006; 
Shu, 2006). 
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1.5 Photocatalytic oxidation (PCO) 
Among the various kinds of A O P systems, heterogeneous photocatalytic oxidation 
(PCO) has been studied extensively in the past decades due to its high degradation 
efficiency (Matsunaga et al.t 1988; Ireland et al., 1993; Sun et al., 2003). Many 
microorganisms such as bacteria, algae, fungi, viruses, bacterial spore and fungal 
spore, etc. have been inactivated by the P C O process and a list is shown in Table 1.1. 
P C O has the major advantages of being simple in the system design, small space 
requirement (Lazarova et al” 1999), relatively inexpensive (Sun et al” 2003) and 
most importantly is the absence of toxic disinfection by-products (Watts et al” 1995; 
Oppenheimer et al” 1997). The end product of P C O is CO2, H2O and dilute acids 
only, which are harmless (Pham et al” 1995; Ktihn et al., 2003). 
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Table 1.1 Examples of microorganisms inactivated by P C O reaction. 
Microorganisms References 
Bacteria 
Escherichia coli Ireland et al., 1993; Matsunaga & 
Okochi, 1995; Christensen et al, 2003; 
Kiihn et al, 2003; Sunada et al, 2003 
Streptococcus spp. Saito et al” 1992 
Salmonella choleraesuis, Vibrio Kim et al., 2003 
parahaemolyticus, Listeria 
monocytogenes 
Pseudomonas aeruginosa, Kiihn et al” 2003 
Staphylococcus aureus, Enterococcus 
faecium 
Algae 
Chlorella vulgaris Matsunaga et al., 1985 
Fungi 
Candida albicans Seven et al., 2004 
Viruses 
M S 2 phage Sjogren & Sierka，1994 
Poliovirus 1 Watts ^  a/., 1995 
QB phage Lee et al” 1997 
Bacterial spore 
Bacillus pumilus spore Pham et al” 1995 
Bacillus subtilis spore Wolfrum et al, 2002 
Fungal spore 
Aspergillus niger spore AVolfrum et al., 2002 
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1.5.1 PCO process 
The P C O process using TiO〗 as an example is illustrated in Figure 1.1 and Equations 
1.5 - 1.12. In the P C O reaction, Ti〇2 molecules are excited upon light irradiation (k < 
380nm) (Vohra et al” 2005) and electrons are promoted to the conduction band 
leaving the positively charged holes in the valence band. Charge carriers 
(electron-hole pairs) are thus formed on the Ti02 surface (Equation 1.5). These 
electron-hole pairs may recombine to release heat or migrate to the surface of the 
TiC>2 molecules to further react with water and oxygen molecules through series of 
redox reactions (Halmann，1996; Takeda and Fujiwara, 1996). The electron in the 
conduction band (e
_
cB) reacts with oxygen molecules (Equations 1.8 - 1.12) while 
the hole in the valence band (h+vB) combines with either water or hydroxide ions 
(OH ) (Equations 1.6 - 1.7) to generate reactive oxygen species (ROS) including the 
highly oxidative hydroxyl radicals (*OH) (Ireland et al., 1993; Armon et al., 1998; 
Maness et al., 1999). 
Among the R O S (i.e. H2O2, *02 and *OH) formed during the P C O reactions, *OH 
are believed to be the major oxidant responsible for the P C O degradation process 
(Ireland et al., 1993; Belhacova et al., 1999; Cho et al” 2004a). This phenomenon 
was proven by Cho et al (2004a), which demonstrated that there was a linear 
relationship between the amount of *OH and the extent of E. coli inactivation in the 
Ti02 photocatalytic disinfection process. On the other hand, the standard reduction 
potentials of *OH is 2.80 eV, which is much stronger than the conventional oxidants 
such as CI2 (1.36 eV) and O3 (2.07 eV) and is the most powerful oxidizing species 
after fluorine (3.03 eV) (Watts et al” 1995; Pera-Titus et al, 2004; Bobu et al” 2006). 
Bacterial cells are mainly inactivated through the oxidation reaction by the 
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Figure 1.1 A schematic diagram of the initial mechanism of photocatalytic oxidation 
after U V irradiation on the Ti〇2 (modified from Bekbolet & Araz, 1996; Rincon & 
Pulgarin, 2003). 
P C O reactions (Rincon & Pulgarin, 2003) 











) (Equation 1.5) 














) + O H " ^ Ti0
2
 + 'OH (Equation 1.7) 











' (Equation 1.8) 
•0
2
 + H+ «0
2
H (Equation 1.9) 
13 
2 .CV+ 2 •0
2

















 (Equation 1.11) 
Ti0
2






 + OIT + .OH (Equation 1.12) 
1.5.2 Photocatalysts 
Photocatalyst is an essential component in the P C O reaction for the generation of 
R O S to degrade organic compounds or disinfect microbes. There are many different 
kinds of photocatalysts such as titanium dioxide (TiO〗)，zinc oxide (ZnO) and 
cadmium sulphide (CdS) (Konstantinou et al., 2001). Ti02 (mainly anatase) has been 
widely investigated in the P C O reaction due to its highest photocatalytic efficiency 
with maximum quantum yields (Piscopo et al., 2001). However, in order to further 
improve the efficiency of Ti〇2 by inhibiting the recombination process of the holes 
and electrons and/or extend the absorption spectrum of TiOi into the visible range (k 
=400 - 700 nm), modification of Ti〇2 particles has been widely studied (Iwasaki et 
al, 2000; Hu et al, 2001; Vamathevan et al., 2002; Anpo & Takeuchi, 2003). 
One of the methods for the modification is to introduce transition metal (ions) in the 
lattice of TiC>2 (Choi et al., 1994) through the process called doping. For example, 
iron(III) doped Ti02 (Litter & Navio, 1996; Dhananjeyan et al, 2000)，sulfur-doped 
TiC>2 (Umebayashi, 2002; Yu et al, 2005), chromium-doped, manganese-doped and 
cobalt-doped Ti02 (Dvoranova et al., 2002) have been produced. On the other hand, 
the coating of metal nanoparticles onto the catalyst surface (i.e. Ti〇2) is another 
commonly used technique to improve the degradation efficiency of the photocatalyst. 
This kind of coating is one of the sensitization processes and examples are silver (Ag) 
coated Ti0
2
 (Keleher et al, 2002; Zhang et al.f 2003), copper(II) oxide (CuO) coated 
Ti0
2
 (Chiang et al, 2002) and aluminium (Al) coated Ti0
2
 (Hur & Koli, 2002)，etc. 
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Doping and sensitization can reduce the chance of recombination so as to prolong the 
generation of ROS. Doping may even result in the narrowing of the band gap energy 
level of Ti0
2
 so that the transition-metal doped-Ti0
2
 can generate certain 
photocatalytic activity under visible light (k = 400 - 700 nm) irradiation 
(Umebayashi, 2002; Anpo & Takeuchi，2003). In the following, a commercialized 
Ti0
2
 (P25) and three other modified-Ti0
2
 were discussed and being employed in the 
present study. 
1.5.2.1 Titanium dioxide (P25) 
Titanium dioxide (P25) (Plate 1.3) is the most common commercially available 
photocatalyst used in P C O reaction. It has the advantages of being inexpensive and 
non-toxic (Saito et al, 1992; Wei et al, 1994). Besides, it is reusable (Saito et al, 
1992; Watts et al.} 1995; So et al, 2002), chemically and thermally stable (Matthews, 
1987; Hei, 1999) and resistant to photocorrosion (Ollis et al., 1991; Belhacova et al., 
1999). There is also minimum production of disinfection byproducts (Watts et al, 




Plate 1.3 Appearance of titanium dioxide (P25). 
Table 1.2 The Physical properties of P25. 
Parameters References 
Band gap energy 3.2 eV Maness et al, 1999; Cho et al, 2002 
Particle size 30 n m Bekbolet & Araz, 1996; Yu et al” 2003 
Absorption spectrum < 380 nm Belhacova et al‘, 1999; Rincon & 
Pulgarin, 2003 
Isoelectric point 6.5 - 7.0 Rincon & Pulgarin, 2004; Gumy et al” 
2006 
Crystalline phases 70% Anatase Dunlop et al” 2002; Yu et al., 2003 
30 % rutile 
BET surface area 50 m
2
/g Maness et al, 1999; Rincon & Pulgarin, 
2003 
1.5.2.2 Silver sensitized P25 (Ag/P25) (Zhang et al” 2003) 
As mentioned in Section 1.5.2, the quick recombination of the electron-hole pairs 
would reduce the generation of R O S and thus lower the rate of PCO degradation 
(Habibi et al, 2001). Therefore, silver ion (Ag
+
) has been coated onto the TiC>2 
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surface so as to trap the electrons in the valence band to prolong the generation of 
ROS. However, since Ag+ is easily released from the Ti0
2
 surface, metallic Ag has 




 used in 
the present study is Ag/P25 prepared according to Zhang et al. (2003). The 
appearance of Ag/P25 is shown in Plate 1.4. It is brown in color with Ag/Ti molar 
ratio of 6.5 x 10
 3
 and BET surface area of 53 m
2
/g, which is similar to that of P25 
(BET surface area = 50 m /g). It was found that the silver nanoclusters of about 2 n m 
in size were strongly anchored to the Ti0
2
 nanoparticles with high dispersion (Zhang 
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Plate 1.4 Appearance of silver sensitized P25 (Ag/P25). 
1.5.2.3 Silicon dioxide doped titanium dioxide (Si02-Ti02) (Hu et al., 2001, 2003) 
In the silicon dioxide doped titanium dioxide (SiC>2-Ti0
2
) (Plate 1.5)，silica was 
selected as a support to TiC>2 since it does not contain a charged framework and have 
good light transmission. The doping of SiC>2 with Ti0
2
 resulted in the formation of 
Ti-O-Si cross-linking bonds. The BET surface area measured was about 350 m
2
/g, 
which is much greater than that of P25. The crystallite size of Si0
2
-Ti02 is about 20 
n m while the particle size is 100 - 200 mesh. The relatively large particle size of 
Si02-TiC>2 has an advantage over P25 that it can settle down in a few minutes. The 
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fast sedimentation rate facilitates the collection of the photocatalyst after P C O 
reaction and enables multiple cycles of P C O reactions through the reuse of the 





Plate 1.5 Appearance of silicon dioxide doped titanium dioxide (Si02-Ti02). 
Table 1.3 The Physical properties of Si02-Ti02 (Hu et al, 2001). 
Parameters 
Particle size 100 - 200 mesh 
Isoelectric point 3.0 
Crystalline phases of Ti02 100% Anatase 







 3 : 7 
1.5.2.4 C o p p e r � oxide sensitized P25 (Cu20/P25) 
Copper⑴ oxide (Q12O) is a red-colored cubic semiconductor that can be potentially 
used in solar energy conversion and catalysis (de Jongh et al., 1999; Hara et al., 2000; 
Bordiga et al., 2001; Martinez-Ruiz et al., 2003). It is insoluble in water and organic 
solvents but soluble in concentrate ammonia solution to form a colorless complex 
(Wikipedia, 2006). Since the band gap energy of low valent C112O is about 2.1 eV 
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(Ismail et al.f 2005; Chandra et al” 2006), it can generate activity under visible light 
irradiation (Sakata et al., 1998). Plate 1.6 showed the apperance of Cu
2
0/P25. It is a 
greenlish-brown powder and the molar ratio of Ti0
2
: Cu is 5 : 1. 
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Plate 1.6 Appearance of copper(I) oxide sensitized P25 (Cu
2
0/P25). 
1.5.3 Irradiation sources 
The use of different irradiation sources depends on the photocatalyst used, the water 
depth of the treatment system and also the retention time of the pollutants in the 
treatment system, etc. Usually a higher intensity of irradiation source would result in 
a higher treatment rate (Cho et al, 2002). However, it may also increase the cost of 
treatment due to the higher consumption of electricity or the use of more expensive 
high intensity irradiation sources. The most commonly used irradiation sources are 
the black light fluorescent tube (UV lamp) (max. emission at 入=365 nm) (Saito et 
al., 1992; Bekbolet & Araz，1996; Maness et al, 1999; Huang et al., 2000; Kim et al, 
2003; Cho et al” 2004b) and the xenon arc lamp (emit light at X of 200 - 2500 nm) 
(Schafer et al., 2000; Chatterjee & Mahata, 2002; Dunlop et al” 2002; Stylidi et al” 
2004; Lonnen et al.，2005). Other irradiation sources include tungsten halogen lamp 
(Yu et al., 2003, 2005) and mercury lamp (Chen et al” 2001). Besides that, there is 
an increasing trend of using sunlight as irradiation source since it is readily available 
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and do not require an extra input of energy (Joyce et al, 1996; Salih, 2002). 
Sometimes, a filter will be used to cover the light source so as to filter out the 
undesirable wavelength of light for specific experiments. 
I n
 the present study, U V lamp and fluorescent lamps were employed as the 
irradiation sources. Due to the fact that there was about 0.1% of UV-A light (X = 320 
-400 nm) and trace amount of UV-B (I = 280 - 320 nm) and UV-C (k = 200 - 280 
nm) light emitted from the fluorescent tubes, a liquid filter was used to filter out light 
of 入 < 400 n m in the visible light test. Details of the use of different light sources and 
liquid filter were discussed in Section 3.3. 
1.5.4 PCO disinfection mechanisms 
The P C O disinfection mechanism was first proposed by Matsunaga et al. (1985). 
They found that the use of Ti0
2
/Pt photocatalyst could inactivate bacterial cells in 
water within 60 - 120 min. At the same time, they proposed that the cell inactivation 
was due to the inhibition of the cellular respiration due to the direct photochemical 
oxidation of the intracellular coenzyme A (Co A). The Co A acted as a donor to 
transfer an electron to the hole in the valence band of Ti0
2
 particle leading to the 
formation of dimeric CoA and hence, the cellular respiratory activities ceased 
(Matsunaga et al., 1985, 1988). 
However, later studies suggested that the primary cause of cell inactivation was due 
to the destruction of the microbial cell wall or cell membrane structures (Saito et al, 
1992; Watts et al, 1995). Saito et al. (1992) demonstrated that the leakage of 
potassium ions (K
+
) was paralleled to the loss of viability of Streptococcus sobrinus. 
Besides, the gradual release of proteins and R N A were detected after a longer period 
2 0 
of reaction time. Therefore, it was proposed that the change in cell permeability 
should be the mechanisms for inactivation. The cell membrane as well as the cell 
wall was damaged by R O S generated by P C O reactions through membrane/cell wall 
oxidation and thus, cellular contents such as K+, protein and R N A were released 
causing cell death (Saito et al.f 1992; Salih, 2002). 
Further studies indicated that Ti0
2
 photocatalysis promoted peroxidation of 
polyunsaturated phospholipids component of the lipid membrane and caused disorder 
in the E. coli cell membrane (Maness et al., 1999). The increased level of 
malondialdehyde ( M D A ) which is an index to measure lipid peroxidation during 
P C O reactions suggested that lipid peroxidation occurred due to the attack of 
polyunsaturated phospholipids by the R O S generated by P C O reactions which 
caused the breakdown of cell membrane structure leading to cell death (Maness et al, 
1999). 
For Gram-negative bacteria, the inactivation mechanisms may be more complicated. 
Researchers demonstrated the increased rate of killing of spheroplasts of E. coli 
when compared with the intact E. coli cells (Huang et al” 2000; Sunada et al, 2003). 
It was found that the killing was a simple single exponential decay dynamics for the 
spheroplasts instead of a two-step dynamics for the intact cells (Sunada et al, 2003). 
Therefore, it suggested that the cell barrier (outer membrane) of Gram-negative cells 
was initially attacked by the R O S produced by Ti〇2 photocatalysis during the first 
step of inactivation, followed by lipid peroxidation of the cytoplasmic membrane 
which leaded to the loss of cell viability and cell death (Huang et al, 2000; Sunada et 
al, 2003). 
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The morphological changes of the cellular structures were investigated through a 
number of techniques. For example, under transmission electron microscopy (TEM) 
studies, the cell wall structure was observed to be partially disrupted and central 
hollow portion of the cells was observed after 120 min of reaction time (Saito et al, 
1992). Besides, scanning electron microscopy (SEM) was used to examine the cells 
of 厶.coli (Sun et al, 2003) and Candida albicans (Ktihn et al, 2003). It was found 
that E. coli was cleaved to irregular broken pieces (Sun et al, 2003) and the cell 
surface of C. albicans yeast became furrowed and clumbled (Ktihn et al” 2003) after 
P C O reaction. Sunada et al (2003) reported the atomic force microscopy (AFM) 
photographs of E. coli cells on Ti0
2
 film before and after illumination. There were 
no obvious morphological changes of the cells even though all cells had already been 
inactivated after 24 h except the outermost layer of the cells had disappeared. This 
observation indicated that the initial reaction is the partial decomposition of the outer 
membrane by the R O S generated in P C O reactions (Sunada et al, 2003). 
1.6 Bacterial defense mechanisms against oxidative stress 
Oxidative stress is the excess reactive oxygen species (ROS) generated that has 
strong oxidizing ability toward cells (Farr & Kogoma，1991; Fridovich, 1998). The 
R O S can cause damage to macromolecules inside the cell including D N A , R N A , 
proteins and lipids (Farr & Kogoma, 1991; Berlett & Stadtman，1997). Oxidative 
stress arose naturally through the normal aerobic metabolism of bacteria. Besides, 
there are also environmental sources of oxidative stress such as ionizing radiation 
and redox cyclic compounds like quinones and the herbicide paraquat (Demple, 1991; 





) and hydroxyl radicals (.OH) (Demple, 1991; Farr et al, 1988; 
Szpilewska et al, 2003). 
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Virtually all aerobic organisms have evolved complex defense and repair 
mechanisms against oxidative damages (Farr & Kogoma, 1991). Bacterial cells 
defense against R O S mainly through enzymes superoxide dismutase (SOD) and 
catalase (CAT) (Farr et al” 1988; Koizumi et al, 2002). S O D is responsible for the 















. Generally, all aerobes and facultative aerobes contain both 
S O D and CAT. Only a few obligate aerobes lack CAT. (Madigan et al” 2003) 
There are three classes of S O D and each of them contains a different transition metal 
center: manganese S O D (MnSOD), iron S O D (FeSOD) and copper-zinc S O D 
(CuZnSOD) (St. John & Steinman，1996). Among them, M n S O D and FeSOD are 
commonly present in bacteria (St. John & Steinman, 1996) while CuZnSOD are 
rarely exist in bacteria but find in almost all eukaryotes (St. John & Steinman, 1996). 
Exceptions of bacteria known to contain CuZnSOD are Photobacter leiognathi (Farr 
& Kogoma，1991) and Legionella pneumophila (St. John & Steinman, 1996). 




 attack. Two classes of CAT are 
produced in E. coli, hydroperoxidase I (HPI) and hydroperoxidase II (HPII) (Farr & 
Kogoma, 1991; Switala et al, 1999). HPI is expressed mainly in the exponential 
phase of growth in response to oxidative stress while HPII is produced in stationary 
phase (Switala et al” 1999). These two classes of CAT can be distinguished by their 
stability in high temperature: 50% of HPI was inactivated by incubating at 
temperature of 53°C while HPII remains 50% of its activity up to 83°C (Switala et al, 
1999). CAT test is commonly employed to identify bacteria in different genera. For 
example, Bacillus (CAT-positive) is distinguished from Clostridium (CAT-negative) 
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and Streptococcus (CAT-negative) is apart from Micrococcus and Staphylococcus 
(CAT-positive) (Madigan et al, 2003). 
In addition to S O D and CAT, bacteria have other systems to protect themselves 





 (Fair and Kogoma, 1991). On the other hand, glutathione (GSH) is 






 and H O O to form a stable 
glutathione radical (GS) (Farr and Kogoma, 1991). Furthermore, the DNA-binding 
protein Dps (19-kDa) present in E. coli, was found to reduce the number of D N A 




 treatment (Martinez & Kolter, 1997). Lastly, 
the light emitting function of bacterial luminescence systems was also proposed to 
protect cells against the oxidative stress (Szpilewska et al, 2003). 




 and •〇!！ during the P C O process is an example of 
external sources of R O S that causes oxidative stress to bacteria. Therefore, it is 
believed that bacteria equipped with defense mechanisms against R O S will be more 
difficult to be inactivated by PCO. In the present study, S O D and CAT activities in 
the selected bacteria were studied to determine whether their activities are related to 
the susceptibility of the bacteria in the P C O disinfection process. 
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2. Objectives 
In this study, the P C O disinfection ability on two bacterial species, Staphylococcus 
saprophyticus (Gram-positive) and Enterobacter cloacae (Gram-negative), was 
investigated. Optimization studies were performed to determine the effect of 
different physicochemical conditions, i.e. P25 concentration, U V intensity, stirring 
rate and initial cell concentration on the P C O disinfection efficiency. Moreover, the 
disinfection efficiency of P C O towards the two bacterial species was compared to see 
the susceptibility between these two different Gram-types of bacteria. 







were employed in the present study. They were irradiated with U V light, visible light 
and light emitted from fluorescent tubes for the P C O disinfection experiments so as 
to investigate the disinfection ability of different photocatalysts under various 
irradiation sources. 
On the other hand, the morphological changes of cells during P C O were observed 
under electron microscope by transmission electron microscopy (TEM) study. 
Catalase (CAT) test and superoxide dismutase (SOD) activity assay were carried out 
to determine the activities of CAT and S O D of the two selected bacteria which may 
play roles in defending against the R O S generated during the P C O processes. 
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3. Materials and Methods 
3.1 Chemicals 
TiC>2 Degussa P25 (Plate 1.3) was a gift from Degussa Corporation (Frankfurt, 
Germany) and was used as one of the photocatalysts in the P C O disinfection without 
further treatment. Stock solution of concentration 10,000 mg/L was prepared by 
suspending 10 g of P25 powder into 1 L Milli-Q® water (Millipore，Bedford, M A , 
U S A ) and kept in dark at room temperature. Ag/P25 powder (Plate 1.4) was obtained 
from Prof. Jimmy C.M. Yu of the Department of Chemistry, The Chinese University 
of Hong Kong SAR, China. Procedures for producing Ag/P25 were listed in 
Appendix Al.l. Si02-Ti02 (Plate 1.5) was produced by Dr. C. Hu, State Key 
laboratory of Environmental Aquatic Chemistry, Research Center for 
Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085，China. 
Procedures for producing SiCVTiC^ were listed in Appendix A1.2. The last 
photocatalyst studied, CU20/P25 (Plate 1.6), was produced in our laboratory and the 
required procedures were listed in Appendix A 1.3. Sodium chloride (NaCl) was 
obtained from Riedel-de Haen (Seeize, Germany). 0.85% sterilized NaCl solution 
was prepared by dissolving 8.5 g of NaCl in 1 L Milli-Q® water. It was then sterilized 
by autoclaving at 121°C for 20 min and cooled to room temperature before use. 
Bacto™ agar and Tryticase Soy Broth (TSB) were obtained from B D (Sparks, M D， 
USA). TSB agar plates were prepared by dissolving 15 g of Bacto™ agar and 30 g of 
TSB powder in 1 L Milli-Q® water, autoclaved and poured into Petri-dish. 10% TSB 
solution was prepared by dissolving 0.15 g TSB into 50 m L Milli-Q® water and 
autoclaved before use. 
3.2 Bacterial culture 
The bacteria used for P C O disinfection were S. saprophyticus (Plate 1.1) and E. 
2 6 
cloacae (Plate 1.2). They were isolated from environmental samples and identified in 
our laboratory. A loopfiil of pure single bacterial colony growth on TSB agar plate 
was picked and inoculated into 10% TSB solution at 30°C with 200 rpm agitation for 
24 h (S. saprophyticus) and 16 h (E. cloacae) respectively. The overnight culture was 
washed twice with 0.85% sterilized NaCl solution by centrifugation at 12,000 rpm 
for 5 min at 25°C. The pellet was then resuspended in 0.85% sterilized NaCl solution 
and the cell density was adjusted by measuring absorbance at 520 nm by a Milton 
Roy Spectronic 601 spectrophotometer (Rochester, New York, USA) (Plate 3.1). 




 cfu/mL in the reaction mixture. 
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Plate 3.1 A Milton Roy Spectronic 601 spectrophotometer (Rochester, New York, 
USA). 
3.3 Photocatalytic reactor 
There are two types of photocatalytic reactors employed in this project. Plate 3.2 
shows Reactor 1 used for the PCO disinfection under UV-A irradiation. One U V 
lamp (15 watts, Cole-Parmer, Vernon Hills, USA) was installed at one side of the 
reactor. The maximum light emission of the U V lamp was at 365 nm. An U V X 
digital radiometer (UVP, Upland, CA, USA) with an UVX-36 light meter sensor 
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(UVP，Upland, CA，USA) was used to measure the light intensity of the U V lamp. 
The U V intensities were adjusted by varying the distance and the place between the 
flask and the U V lamp. During the P C O process, stirring was provided through a 
magnetic stirrer and the whole reactor were covered by black cardboard to prevent 
the escape of U V light from the reactor. 
Reaction mixture U V lamp 
^ b i h 
Magnetic stirrer 
Plate 3.2 (A) Reactor 1 used for P C O disinfection with a reaction mixture placed in 
the middle; (B) Reactor 1 covered with black cardboard during P C O reaction. 
Another reactor, Reactor 2, is shown in plate 3.3. It was a newly designed reactor 
used for the fluorescent lamp and visible light PCO disinfection experiments. Six 
fluorescent lamps (15 watts each, VELOX，Thailand) were mounted on the top of 
the reactor and all of them were connected to an external control panel with 
individual switches so that the light intensity can be adjusted by switching on/off 
individual lamp. A light meter (LI-250, LI-COR Inc.，Lincoln, NE, USA) was used to 
measure light intensity for the fluorescent lamps. Two ventilation fans were installed 
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at the back of the reactor to prevent thermal inactivation of bacteria during the P C O 
disinfection process. Moreover, a magnetic stirrer was placed at the bottom of the 
reactor to provide stirring for the reaction mixture. A liquid filter filled with 0.5 M of 
sodium nitrite (Peking Chemical Works, Peking, China) (NaN0
2
) solution was used 
to filter out light with wavelength less than 400 nm in the visible light experiments 
(Plate 3.4). 
Control panel 
Reaction mixture / Fluorescent lamps 
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Plate 3.3 Reactor 2 used for PCO disinfection with a reaction mixture placed in the 
middle. 
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Liquid filter (filled with 0.5 M NaN0
2
) 
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Plate 3.4 Reactor 2 installed with a liquid filter filled with 0.5 M sodium nitrite 
solution. 
3.4 PCO efficacy test 
In order to study whether P C O process was applicable for the disinfection of S. 
saprophyticus and E. cloacae, efficacy test was carried out. The initial conditions 
were: 100 mg/L of P25, 0.06 mW/cm
2
 of UV
3 6 5 n m
, 200 rpm of stirring rate with 
initial cell concentration of 3 x 10
7
 cfu/mL. 
Control experiments were done and they included the application of U V irradiation 
alone without photocatalyst (light control), the addition of photocatalyst in the dark 
(photocatalyst control) and the 0.85% NaCl solution alone in the dark (dark control). 
For the PCO experiments, 5 m L of washed bacterial culture was added to 45 m L of 
3 0 
reaction mixture containing P25. The reaction mixture was homogenized by 
sonication at 35 K H z for 2 min before the addition of the cells. It was then put into 
the reactor and stirred in the dark for 30 min to achieve adsorption/desorption 
equilibrium. P C O reaction was started by switch on the U V lamp. In fixed time 
intervals, aliquot of samples were taken, serial diluted and spread on TSB agar plates 
immediately. The colonies formed in the agar plates after incubating at 37。C (S. 
saprophyticus) and 30°C (E. cloacae) for 24 h were counted and expressed as cfu/mL. 
Each set of experiment was performed in triplicate. The P C O Inactivation Efficiency 
(I.E.) was calculated by the following equations: 




) (Equation 3.1) 
Where N
0
 represented the initial viable cell count (cfu/mL) and N
t
 represented the 
final viable cell count at specific time point. 
3.5 Optimization of PCO conditions 
During optimization, only the parameter under investigation would be varied while 
others remained unchanged. The optimized parameter was used for further 
optimization of other parameters. All the experiments were performed in triplicates 
and the data were analyzed by one-way A N O V A followed by Tukey test (p<0.05) 
(Jandel Corporation, Chicago, Illinois, USA). 
3.5.1 Effect of P25 concentrations 
The effect of P25 concentrations was determined by the procedures described in 
Section 3.4 except the concentrations tested were 0, 50，100, 200 and 300 mg/L. 
These concentrations were prepared by transferring 0，0.5, 1 and 1.5 m L of 10,000 
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mg/L P25 stock solution respectively into the reaction mixtures to make up a final 
volume of 50 mL. 
3.5.2 Effect of UV intensities 
The effect of U V intensities was determined by the procedures described in Section 
3.4 except the U V intensities under study were 0.03, 0.06, 0.09 and 0.13 mW/cm
2
. 
Since only one U V lamp was presented in Reactor 1，the maximum U V intensity was 
limited to 0.13 m W / c m and the choices of different U V intensities were also 
restricted by the limited space inside the reactor. 
3.5.3 Combinational study of P25 concentrations and UV intensities 
From the results of effect of P25 concentrations and U V intensities, it was found that 
both parameters have significant effects on the I.E.. Therefore, a combinational study 
was carried out to investigate how the effect of different combination of P25 
concentrations and U V intensities would affect the I.E. so as to find the most cost 
effective way for P C O disinfection. The combination effect was determined by the 
procedures described in Section 3.4 and the P25 concentrations (50, 100, 200 and 
300 mg/L) and the U V intensities (0.03, 0.06, 0.09 and 0.13 mW/cm
2
) were tested in 
this combinational study. 
3.5.4 Effect of stirring rates 
The effect of stirring rates was determined by the procedures described in Section 3.4 
except the stirring rates of 100, 200，300 and 400 rpm were studied. Other parameters 
such as the P25 concentration and U V intensity were the optimized conditions after 
the combinational study. 
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3.5.5 Effect of initial cell concentrations 
Two cell densities of 3 x 10
6
 and 3 x 10
7
 cfu/mL were studied and the procedures 
were described in Section 3.4. Combinational studies of P25 concentrations and U V 
intensities were performed for each of the cell densities so as to obtain a thorough 
understanding of its effect in the P C O disinfection process. 
3.6 PCO disinfection using different photocatalysts 






0/P25) were employed for 
P C O disinfection under U V and/or visible light irradiation. P25 was used as a 
reference to compare the disinfection ability of the different photocatalysts. Fixed 
amount of photocatalyst powder (Ag/P25, Si02-Ti02 or CU20/P25) was weighted 
and transferred to 45 m L of 0.85% sterilized NaCl solution. The mixture was 
sonicated, autoclaved, cooled to room temperature and stored in dark. Right before 
the use, it was homogenized by sonication at 35 K H z for 2 min. The other procedures 
for P C O disinfection was described in Section 3.4. 
3.6.1 Effect of CU2O/P25 concentrations 
Since only CU2O/P25 showed certain disinfection ability towards the two bacterial 
species under visible light irradiation according to the Results part, effect of 
CU2O/P25 concentrations was studied. It was determined by the procedures described 
in Section 3.4 except the concentrations tested were 0, 50, 100 and 200 mg/L and 
Reactor 2 installed with a liquid filter was used instead of Reactor 1. 
3.6.2 Effect of C112O powder on the two bacterial species 
One m g of C112O powder (Aldrich®, Sigma-Aldrich Inc., St. Louis, M O , U S A ) was 
weighted and transferred into 45 m L 0.85% NaCl solution. The mixture was 
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sonicated, autoclaved and cooled to room temperature before use. Five m L of washed 
cell suspension was added into the mixture and was stirred at dark for 30 min. The 
mixture was continued to stir at dark and samples were taken at fixed time intervals. 
They were serial diluted and spread on TSB agar plates as described in Section 3.4. 
3.7 Transmission electron microscopy (TEM) 
In this section, P C O disinfection was performed and the experimental conditions 
were summarized in Table 3.1. At specific time intervals, 20 m L of reaction mixture 
was sampled and centrifuged at 12,000 rpm for 10 min. The cells harvested were 
used for T E M study. The cells were first pre-fixed in 2.5% glutaraldehyde (E.M. 
grade, Electron Microscopy Sciences, Hatfield, PA, USA) at 4°C for 2 h and washed 
twice with 0.1 M phosphate buffer saline (PBS) by centrifugation. The cell pellets 
collected were encapsulated in 3 % low melting point agarose and cut into small 
cubes of about 1 m m with a razor blade. Post-fixation was carried out with 2 % 
osmium tetraoxide (E.M. grade, Electron Microscopy Sciences, Hatfield, PA, USA) 
in dark for 2 h and then the encapsulated cells were washed twice with 0.1 M PBS. A 
graded series of ethanol (50%, 70%, 85%, 95% and 100%, each for 10 min) was used 
for dehydration since the spurr used in next step is very sensitive to moisture. Finally, 
the encapsulated cells were embedded in spurr solution (Electron Microscopy 
Sciences, Fort Washington, PA, USA) for polymerization at 68°C for 16 h (Plate 3.5). 
Ultra-thin sections (70 nm) were prepared by cutting the sample block by a diamond 
knife (DiATOME ultra 45°, Diatome Ltd., Switzerland) by ultratome (Leica, 
Reichert Ultracuts, Wien, Austria) and then placed on copper mesh grids (Plate 3.6). 
The copper grids were dried in filter paper for overnight and then stained with 2.5% 
uranyl acetate and 2 % lead citrate for 15 min sequentially at room temperature to 
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enhance the contrast of the electron density. The stained ultra-thin sections were 
examined by a JEM-1200 EXII transmission electron microscope (JOEL Ltd., Tokyo, 
Japan) (Plate 3.7) at 80 Kv accelerating voltage. 
Table 3.1 Experimental conditions in T E M studies. 
Bacterial . Cell density Sampling time 
Photocatalyst Light source 
species (cfu/mL) point 
Staphylococcus P25 U V 3 x 10
8
 0，30, 60 and 
saprophyticus (200 mg/L) (0.09 m W / c m ) 90 min 
Enterobacter P25 U V 3 x 10
8
 0，30，60 and 
cloacae (200 mg/L) (0.09 mW/cm
2
) 90 min 
Staphylococcus Cu
2
0/P25 U V 3 x 10
6
 0, 30 and 60 
saprophyticus (100 mg/L) (0.09 m W / c m ) min 
Enterobacter Cu
2
0/P25 U V 3 x 10
6
 0，20 and 40 





0/P25 Visible 3 x 10
6
 0，6, 9 and 24 
saprophyticus (100 mg/L) (13.5 m W / c m ) h 
Enterobacter Cu
2
0/P25 Visible 3 x 10
6
 0, 2, 4 and 24 




Encapsulated bacterial cells 
embedded in spurr block 
^ # J t A 
l i P l ； 
Plate 3.5 Encapsulated bacterial cells embedded in spurr block after polymerization. 
(A) ^ ^ 
JBr 
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Plate 3.6 (A) An ultratome (Leica, Reichert Ultracuts, Wien, Austria); (B) A 
diamond knife (DiATOME ultra 45°, Diatome Ltd., Switzerland); (C) Ultra-thin 
sections on copper mesh grids. 
36 
_謂 
I f 個 
關 I I B 
wBtn^J^^M^^ [ M E H W H i f l 
m i — I 1 — 
1« I 
Plate 3.7 A JEM-1200 EXII transmission electron microscope (JOEL Ltd., Tokyo, 
Japan). 
3.8 Catalase (CAT) test 




 which is one of the R O S generated during the 
P C O reaction, CAT test was conducted. This test was divided into two parts and in 
Part I, 1 m L of washed cell suspension (10
8
 cfii/mL) was transferred to a Petri disc 




 stock solution (35% by weight, Riedel-de Haen, 
Seelze, Germany) (Plate 3.9) was added to the cell suspension and the bubbles 
evolved at different time intervals were recorded. 
3 7 
ifcjKssi*-： ji：iUj, -i -i^ 'ksk 
Plate 3.8 One m L of washed cell suspension (10
8
 cfu/mL) in a Petri disc (Left: S. 
saprophyticus; Right: E. cloacae). 
d 丨 m 





 stock solution (35% by weight, Riedel-de Haen, Seelze, Germany). 
In Part II, 4.5 m L of washed cell suspensions (10
8
 cfu/mL) was added to test tubes 




 with 0, 0.1，0.5 and 1 M of concentrations were added to each of 
the cell suspensions respectively. One m L of samples was taken at time 0, 5 and 20 
min and was washed by centrifugation at 13,000 rpm for 4 min. The washed cell 
pellets were suspended in 1 m L 0.85% sterilized NaCl, serial diluted and spread on 
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TSB agar plates. The colonies formed in the agar plates after incubating at 37°C (S. 
saprophyticus) and 30°C (E. cloacae) for 24 h were counted and expressed as 
cfu/mL. 
3.9 Superoxide dismutase (SOD) activity assay 
The S O D activity assay was performed according to the Manual of Superoxide 
Dismutase Activity Assay (Cat. No. APT290), C H E M I C O N ® International, Inc., U S A 
& Canada. 
In the assay, superoxide anions (^2 ) were generated by a xanthine/xantine oxidase 
(XOD) system and detected by a chromagen solution spectrophotometrically at 490 




 concentrations would be lowered 
and thus, the colorimetric signal would be decreased. By calculating the Inhibition 
Percentage by the following equation, the S O D activity in the cell can be estimated. 










 b l a n k ) 
Where: A represented the maximum signal (without S O D Sample but contains 
xanthine oxidase) 
B represented the inhibited signal (contains S O D Sample and xanthine 
oxidase) 




4.1 Efficacy test 
The ability of P C O reaction to inactivate bacterial species, S. saprophyticus and E. 
cloacae, was studied. Preliminary results showed that both bacterial species were 
UV-A resistant under the experimental conditions. By using 100 mg/L of P25, 0.06 
m W / c m of U V intensity and 200 rpm of stirring rate, there was about 3-log 
inactivation of S. saprophyticus after 60 min of P C O reaction (initial cell 
• n 
concentration was 3 x 10 cfu/mL). While for E. cloacae, there was about 7-log 
inactivation after 30 min of P C O reaction under the same experimental conditions. 
These preliminary results supported that P C O reaction is a feasible and effective 
approach for bacterial inactivation. Moreover, it also seemed that the Gram-negative 
bacterium, E. cloacae, was inactivated much faster than the Gram-positive 
counterpart, S. saprophyticus. It may due to the structural differences between 
different Gram-type of bacteria. Optimization of experimental conditions and other 
experiments were done in order to get a more in-depth understanding of the P C O 
disinfection process toward the two bacterial species. 
4.2 PCO disinfection under UV irradiation 
4.2.1 Control experiments 
Three control experiments were conducted before studying the bacterial inactivation 
by P C O (Figures 4.1 (A) and (B)). It was found that both S. saprophyticus and E. 
cloacae were unaffected by dark control, light control and P25-control. Therefore, 
both light and photocatalyst were essential for the bacterial inactivation through the 
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0 1 1 1 1 1 1 1 
0 10 20 30 40 50 60 70 
Irradiation time (min) 
- • — Dark Control (0.85% NaCI) 
—•— Light Control (UV-A, 0.13 mW/cm2) 
—A— P25 Control (P25, 300 mg/L) 
Figure 4.1 Control experiments for (A) S. saprophyticus and (B) E. cloacae. 
Experimental conditions: initial cell concentration = 3 x 10
7
 cfu/mL, reaction volume 
= 5 0 m L and stirring rate 二 200 rpm. Each data point and error bar represents the 
mean and standard deviation of triplicates. 
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4.2.2 Optimization of PCO conditions using P25 as a photocatalyst 
4.2.2.1 Effect of P25 concentrations 
The effect of P25 concentrations on the I.E. for S. saprophyticus and E. cloacae were 
shown in Figures 4.2 and 4.3 respectively. 
For S. saprophyticus, the I.E. remained the same when P25 concentration increased 
from 50 to 100 mg/L for both initial cell concentrations. While there was a sharp 
increase in I.E. when P25 concentration increased to 200 mg/L. The I.E. persisted in 
being statistically the same when P25 concentration further increased to 300 mg/L in 
case of initial cell concentration of 10
6
 cfu/mL. However, there was a significantly 
decrease on the I.E. when 300 mg/L was used for the initial cell concentration of 10
7 
cfu/mL. Therefore, 200 mg/L was selected as the optimal P25 concentration since 
further increasing the concentration did not improve the I.E. and even caused a drop 
of it. 
— — f\ 
For E. cloacae, the trend observed for initial cell concentration of 10 cfu/mL at 7.5 
min and 10 cfu/mL at 15 min was quite similar. I.E. started to increase when P25 
concentration increased from 50 to 200 mg/L and it became level off when P25 
concentration further increased to 300 mg/L. As a result, 200 mg/L of P25 
concentration was selected as the optimal condition for further optimization of other 
parameters. 
4 2 
6 - a j 
2 b 
i ： 4 - — f ^ b 
I




0 H 1 1 1 1 1 1 
0 50 100 150 200 250 300 350 
P25 concentration (mg/L) 
• 10 min, initial cell conc. = 106 cfu/mL 
—•— 50 min, initial cell conc. = 107 cfu/mL 
Figure 4.2 Effect of P25 concentrations on the I.E. of P C O disinfection of S. 
saprophyticus. Experimental conditions: reaction volume = 50 mL, U V intensity = 
0.06 mW/cm
2
, stirring rate 二 200 rpm and reaction time = 10 min (initial cell 
• f\ n 
concentration = 
10° cfu/mL) and 50 min (initial cell concentration 二 10 cfu/mL). 
Each data point and error bar represents the mean and standard deviation of 
triplicates. Means with the same color and letter are statistically identical (One way 
A N O V A followed by Tukey test, p<0.05). 
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0 50 100 150 200 250 300 350 
P25 concentration (mg/L) 
• 7.5 min, initial ceil conc. = 106 cfu/mL 
—•— 15 min, initial cell conc. = 107 cfu/mL 
Figure 4.3 Effect of P25 concentrations on the I.E. ofPCO disinfection of E. cloacae. 
Experimental conditions: reaction volume = 50 mL, U V intensity 二 0.06 mW/cm
2
, 
stirring rate = 200 rpm and reaction time = 7.5 min (initial cell concentration 二 10
6 
cfu/mL) and 15 min (initial cell concentration = 10
7
 cfu/mL). Each data point and 
error bar represents the mean and standard deviation of triplicates. Means with the 
same color and letter are statistically identical (One way A N O V A followed by Tukey 
test, p<0.05). 
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4.2.2.2 Effect of UV intensities 
The effect of U V intensity on the I.E. for S. saprophyticus and E. cloacae were 
shown in Figures 4.4 and 4.5 respectively. Both figures showed similar pattern with 
an initial increase and further level off of the I.E.. 
For both S. saprophyticus and E. cloacae, the I.E. increased from about 4-log 
inactivation to complete inactivation when the U V intensity used increased form 0.03 
2 2 
to 0.09 m W / c m . The use of U V intensity of 0.13 m W / c m was already in excess 
since complete inactivation was already achieved by using 0.09 mW/cm
2
. Therefore, 
0.09 m W / c m
2









0 H 1 1 1 — 1 1 
0.02 0.04 0.06 0.08 0.10 0.12 0.14 
UV intensity (mW/cm2) 
• 10 min, initial cell conc. = 106 cfu/mL 
• 50 min, initial cell conc. = 107 cfu/mL 
Figure 4.4 Effect of U V intensities on the I.E. of PCO disinfection of S. 
saprophyticus. Experimental conditions: reaction volume = 50 mL, P25 
concentration 二 200 mg/L, stirring rate = 200 rpm and reaction time = 10 min (initial 
Z： 7 
cell concentration = 10 cfu/mL) and 50 min (initial cell concentration =10 cfu/mL). 
Each data point and error bar represents the mean and standard deviation of 
triplicates. Means with the same color and letter are statistically identical (One way 
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0 H I 1 1 1 1 
0.02 0.04 0.06 0.08 0.10 0.12 0.14 
UV intensity (mW/cm2) 
— • 7 . 5 min, initial cell conc. = 106 cfu/mL 
—•— 15 min, initial cell conc. = 107 cfu/mL 
Figure 4.5 Effect of U V intensities on the I.E. of P C O disinfection of E. cloacae. 
Experimental conditions: reaction volume 二 50 mL, P25 concentration 二 200 mg/L, 
stirring rate 二 200 rpm and reaction time = 7.5 min (initial cell concentration 二 10
6 
cfii/mL) and 15 min (initial cell concentration = 10
7
 cfu/mL). Each data point and 
error bar represents the mean and standard deviation of triplicates. Means with the 
same color and letter are statistically identical (One way A N O V A followed by Tukey 
test, p<0.05). 
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4.2.2.3 Combinational study of P25 concentrations and UV intensities 
The combinational studies of P25 concentrations and U V intensities at different 
initial cell concentrations were shown in Figures 4.6 and 4.7 for S. saprophyticus and 
Figures 4.8 and 4.9 for E. cloacae. Usually, a reduction of 3 to 5-log of bacterial 
population was said to be sufficient (Watts et al., 1995; Kiihn et al., 2003). However, 
in this study, complete inactivation (i.e. under the detection limit of the method) was 
used to ensure that standards in various countries are met. Therefore, the selection for 
the optimal conditions relied on whether complete inactivation of the bacterial 
species was achieved. 
From all of the figures, complete inactivation was achieved by using either 0.09 or 
0.13 m W / c m of U V intensity. The use of 0.03 or 0.06 m W / c m of U V intensity only 
caused about 4 to 5-log inactivation. In order to achieve complete inactivation and be 
• • • 9 
more cost-effective, a lower intensity of UV, 0.09 mW/cm，was selected as the 
optimal U V intensity in this combinational study. 
For the P25 concentrations, it is also more cost-effective when less P25 was being 
used. It was observed that for S. saprophyticus at initial cell concentration of 10
6 
cfu/mL (Figure 4.6)，the use of 100，200 and 300 mg/L of P25 could cause 
inactivation of all bacterial population under 0.09 m W / c m
2
 of U V irradiation. One 
hundred mg/L of P25 concentration was selected as the optimal conditions for P C O 
disinfection of S. saprophyticus at initial cell concentration 
of 10
6
 cfu/mL since the 
amount used was the lowest among the three concentrations. While for S. 
• • • • 7 • 
saprophyticus at initial cell concentration of 10 cfu/mL (Figure 4.7) and E. cloacae 
at both initial cell concentrations (Figures 4.8 and 4.9) under 0.09 m W / c m of U V 
irradiation, the lowest P25 concentration required for complete inactivation was 200 
4 8 
mg/L and thus, 200 mg/L was selected as the optimal P25 concentration. Although 
the use of 100 mg/L P25 concentration with 0.13 m W / c m
2
 of U V intensity also 
caused complete inactivation in the case of E. cloacae at initial cell concentration of 
10
6
 cfu/mL, these conditions were not selected since when compared with UV, P25 is 
relatively inexpensive and is reusable (Section 1.5.2.1). Therefore, the combination 
of using a higher P25 concentration and a lower U V intensity would be more 
favorable especially for a long-term operation of the P C O process. Table 4.1 
summarizes the optimal P25 concentrations and U V intensity used in P C O 
disinfection of S. saprophyticus and E. cloacae. 
Table 4.1 A summary of the optimal P25 concentrations and U V intensity for P C O 
disinfection of S. saprophyticus and E. cloacae at different initial cell concentrations. 
Initial cell concentration P25 concentration U V intensity 
10
6
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^ • l UV intensity = 0.06 mW/cm2 
m m UV intensity = 0.09 mW/cm2 
H UV intensity = 0.13 mW/cm2 
Figure 4.6 Combinational study of P25 concentrations and U V intensities on the I.E. 
of P C O disinfection of 乂 saprophyticus. Experimental conditions: reaction volume = 
50 mL, stirring rate = 200 rpm, reaction time = 10 min and initial cell concentration 
=10 cfu/mL. Each bar and error bar represents the mean and standard deviation of 
triplicates. The red asterisk indicated that complete inactivation was achieved. 
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P25 concentration (mg/L) 
• UV intensity = 0.03 mW/cm2 
• UV intensity = 0.06 mW/cm2 
• UV intensity = 0.09 mW/cm2 
• UV intensity = 0.13 mW/cm2 
Figure 4.7 Combinational study of P25 concentrations and U V intensities on the I.E. 
of P C O disinfection of saprophyticus. Experimental conditions: reaction volume = 
50 mL, stirring rate = 200 rpm, reaction time = 50 min and initial cell concentration 
=10 cfu/mL. Each bar and error bar represents the mean and standard deviation of 
triplicates. The red asterisk indicated that complete inactivation was achieved. 
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• UV intensity = 0.09 mW/cm2 
• UV intensity = 0.13 mW/cm2 
Figure 4.8 Combinational study of P25 concentrations and U V intensities on the I.E. 
of P C O disinfection of E. cloacae. Experimental conditions: reaction volume 二 50 
mL, stirring rate = 200 rpm, reaction time 二 7.5 min and initial cell concentration 二 
10
6
 cfu/mL. Each bar and error bar represents the mean and standard deviation of 
triplicates. The red asterisk indicated that complete inactivation was achieved. 
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Figure 4.9 Combinational study of P25 concentrations and U V intensities on the I.E. 
of P C O disinfection of E. cloacae. Experimental conditions: reaction volume 二 50 
mL, stirring rate 二 200 rpm, reaction time 二 15 min and initial cell concentration = 
10 cfu/mL. Each bar and error bar represents the mean and standard deviation of 
triplicates. The red asterisk indicated that complete inactivation was achieved. 
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4.2.2.4 Effect of stirring rates 
The effect of stirring rate on the I.E. for S. saprophyticus and E. cloacae were shown 
in Figures 4.10 and 4.11 respectively. 
For S. saprophyticus of initial cell concentration of 10 cfu/mL, the use of 100，300 
and 400 rpm of stirring rates resulted in similar I.E. of about 5-log inactivation while 
the I.E. significantly improved to over 7-log inactivation by using 200 rpm of stirring 
rate. Therefore, 200 rpm was the optimal stirring rate for S. saprophyticus of initial 
n • 
cell concentration of 10 cfu/mL. The I.E. for S. saprophyticus of initial cell 
concentration of 10
6
 cfu/mL and that for E. cloacae at both initial cell concentrations 
showed no significant changes in I.E. by using either 100，200，300 or 400 rpm of 
stirring rate. Despite the use of a lower stirring rate could reduce the operational cost, 
200 rpm was selected as the optimal stirring rate since there were some photocatalyst 
powders settled on the bottom of the reaction flask when 100 rpm stirring rate was 
used. 
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50 100 150 200 250 300 350 400 450 
Stirring rate 
• 10 min, initial cell conc. = 106 cfu/mL 
• 50 min, initial cell conc. = 107 cfu/mL 
Figure 4.10 Effect of stirring rates on the I.E. of P C O disinfection of S. saprophyticus. 
Experimental conditions: reaction volume 二 50 mL, U V intensity = 0.09 mW/cm
2
, 
and reaction time 二 10 min (initial cell concentration = 10
6
 cfu/mL, P25 
concentration = 100 mg/L) and 50 min (initial cell concentration = 10
7
 cfu/mL, P25 
concentration = 200 mg/L). Each data point and error bar represents the mean and 
standard deviation of triplicates. Means with the same color and letter are statistically 
identical (One way A N O V A followed by Tukey test, p<0.05). 
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Stirring rate 
— • 7 . 5 min, initial cell conc. = 106 cfu/mL 
• 15 min, initial cell conc. = 107 cfu/mL 
Figure 4.11 Effect of stirring rates on the I.E. of P C O disinfection of E. cloacae. 
Experimental conditions: reaction volume = 50 mL, P25 concentration = 200 mg/L, 
• . 2 嚳 • • 
U V intensity = 0.09 mW/cm，and reaction time = 7.5 min (initial cell concentration 
z: n 二 10° cfu/mL) and 50 
min (initial cell concentration = 10 cfu/mL). Each data point 
and error bar represents the mean and standard deviation of triplicates. Means with 
the same color and letter are statistically identical (One way A N O V A followed by 
Tukey test, p<0.05). 
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4.2.2.5 Effect of initial cell concentrations 
The effect of initial cell concentrations on the I.E. for S. saprophyticus and E. 
cloacae were shown in Figures 4.12 and 4.13 respectively. From the two figures, it 
was observed that the initial rate of inactivation was the fastest followed by a 
gradually decreased rate of inactivation and finally complete inactivation was 
reached. For both bacterial cells, complete inactivation was achieved earlier when a 
lower initial cell concentration was used. When the initial cell concentration 
• n -
increased by 1-log (to 10 cfu/mL), the irradiation time required for complete 
inactivation increased by 5 and 2 times for S. saprophyticus and E. cloacae 
respectively. Table 4.2 summarized all of the optimized conditions for P C O 
disinfection of S. saprophyticus and E. cloacae under different initial cell 
concentrations. The optimal conditions were all the same except for S. saprophyticus 
with initial cell concentration of 10 cfu/mL which had the optimized P25 
concentration of 100 mg/L instead of 200 mg/L. 
Table 4.2 A summary of the optimized conditions for P C O disinfection of S. 
saprophyticus and E. cloacae at different initial cell concentrations. 
Initial cell P25 U V intensity Stirring rate 




 cfu/mL 100 mg/L 0.09 mW/cm
2
 200 rpm 
saprophyticus 10
7
 cfu/mL 200 mg/L 0.09 mW/cm
2
 200 rpm 
E. cloacae 10
6
 cfu/mL 200 mg/L 0.09 mW/cm
2
 200 rpm 
10
7
 cfU/mL 200 mg/L 0.09 mW/cm
2
 200 rpm 
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Figure 4.12 Effect of initial cell concentrations on the PCO disinfection of S. 
saprophyticus. Experimental conditions: reaction volume = 50 mL, P25 
concentration = 200 mg/L, U V intensity 二 0.09 m W / c m and stirring rate = 200 rpm. 





1 1 1 1 1 1 1 1 
0 2 4 6 8 10 12 14 16 
Irradiation time (min) 
—•~ Initial cell concentration = 106 cfu/mL 
• Initial cell concentration = 107 cfu/mL 
Figure 4.13 Effect of initial cell concentrations on the P C O disinfection of E. cloacae. 
Experimental conditions: reaction volume = 50 mL, P25 concentration = 200 mg/L, 
U V intensity = 
0.09 mW/cm
z
 and stirring rate 二 200 rpm. Each data point and error 
bar represents the mean and standard deviation of triplicates. 
59 
4.2.3 Comparison of PCO inactivation efficiency between S. saprophyticus and E. 
cloacae 
The P C O inactivation efficiency between S. saprophyticus and E. cloacae at different 
initial cell concentrations was shown in Figures 4.14 (A) and (B) respectively. From 
the two figures, both bacterial cells were completely inactivated within 10 min (10
6 
cfu/mL) and 50 min (10 cfu/mL) of P C O reaction time. Among the two bacterial 
cells, the Gram-negative bacterium, E. cloacae, was inactivated faster than the 
Gram-positive bacterium, S. saprophyticus. At initial cell concentration of 10
6 
cfu/mL, S. saprophyticus required 10 min for complete inactivation while E. cloacae 
only required 7.5 min. When the initial cell concentration further rose to 10 cfu/mL, 
the inactivation time was 50 and 15 min respectively for S. saprophyticus and E. 
cloacae. It suggested that E. cloacae was inactivated faster than S. saprophyticus 
especially in the higher initial cell concentration and it was more sensitive to the 
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Figure 4.14 Comparison of PCO inactivation efficiency between S. saprophyticus 
z： 7 
and E. cloacae under initial cell concentration of (A) 10 cfu/mL and (B) 10 cfii/mL. 
Experimental conditions: reaction volume = 50 mL, P25 concentration = 200 mg/L, 
U V intensity = 0.09 m W / c m and stirring rate 二 200 rpm. Each data point and error 
bar represents the mean and standard deviation of triplicates. 
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4.2.4 PCO disinfection using different photocatalysts 
4.2.4.1 Control experiments 





 (5,000 mg/L) and Cu
2
0/P25 (100 mg/L) for P C O disinfection under U V 
irradiation were studied. All the respective photocatalyst-controls showed no drop of 
bacterial population for 60 min and it indicated that all photocatalysts used would not 
affect the survival of the bacterial species in the 60 min reaction time. 
4.2.4.2 Ag/P25 
Figure 4.15 (A) and (B) showed the P C O disinfection efficiency using P25 and 
Ag/P25 at 50，100 and 200 mg/L of concentrations. 
For S. saprophyticus, the P C O disinfection efficiency was almost the same by using 
50 mg/L of either P25 or Ag/P25. The same phenomenon was observed when the 
photocatalysts concentration raised to 200 mg/L. However, by using 100 mg/L of 
Ag/P25, the disinfection efficiency greatly improved when compared with P25 at the 
same concentration. On the other hand, the disinfection of E. cloacae behaved 
differently by using different concentrations of P25 and Ag/P25. The disinfection 
efficiency was improved by using either 50 mg/L or 100 mg/L of Ag/P25 when 
compared with P25 alone of the same concentration. Complete inactivation was 
achieved at 20 and 15 min respectively by using 50 and 100 mg/L of Ag/P25. 
However, the inactivation was greatly retarded when 200 mg/L of Ag/P25 was used 
instead of P25 alone. The results obtained suggested that for both S. saprophyticus 
and E. cloacae, the use of 100 mg/L of Ag/P25 could enhance the P C O disinfection 
when compared with P25 alone since the bacterial cells were inactivated in a shorter 
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Figure 4.15 P C O disinfection efficiency using Ag/P25 and P25 as photocatalysts 
toward (A) S. saprophyticus and (B) E. cloacae. Experimental conditions: reaction 
volume = 50 mL, U V intensity = 0.09 mW/cm，stirring rate = 200 rpm and initial 
• 7 
cell concentration = 10 cfu/mL. Each data point and error bar represents the mean 
and standard deviation of triplicates. 
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4.2.4.3 Si02-Ti02 
Figures 4.16 (A) and (B) showed the P C O disinfection efficiency using different 
photocatalysts under U V irradiation. 
It was found that P25 was the most efficient photocatalyst for P C O disinfection 
under U V irradiation as only 10 min was required for complete inactivation of both 
bacterial species when compared with the 20 and 15 min required for complete 
inactivation of saprophyticus and E. cloacae by using Si02-Ti02. 
4.2.4.4 CU20/P25 
The inactivation was the slowest by using Cu2〇/P25 under U V irradiation when 
compared with P25 and SiCVTiC^ (Figures 4.16 (A) and (B)). For S. saprophyticus, 
bacterial population remained unchanged in the first 20 min of P C O reaction and 
similar trend was observed for E. cloacae in the first 10 min of reaction time. 
Furthermore, complete inactivation was not achieved even after 60 min of P C O 
reaction for S. saprophyticus while a doubling of time was required for complete 
inactivation of E. cloacae when compared with the use of SiC^ /TiO〗. The results 
obtained showed that CU20/P25 was not an effective photocatalyst under U V 
irradiation when compared with P25 and SiCVTiO〗. 
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Figure 4.16 PCO disinfection efficiency using different photocatalyst towards (A) S. 
saprophyticus and (B) E. cloacae. Experimental conditions: reaction volume 二 50 
mL, U V intensity 二 0.09 mW/cm
2
, stirring rate = 200 rpm and initial cell 
concentration =10
6
 cfii/mL. Each data point and error bar represents the mean and 
standard deviation of triplicates. 
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4.3 PCO disinfection under visible light irradiation 
When visible light was used instead of the U V light, different results were obtained. 
Tables 4.3 and 4.4 showed the results obtained for P C O disinfection under visible 
light irradiation through using different photocatalysts. The bacterial population 
remained constant by using either P25 or Si02-Ti02 as photocatalyst. It meant that 
both photocatalysts were unable to generate photocatalytic effect by visible light for 
the inactivation of both bacterial species. Nevertheless, there were 1.26- and 4.37-log 
inactivation of S. saprophyticus and E. cloacae after 3 h P C O reaction when 
CU20/P25 was used. However, it had to be noted that for E. cloacae, even the 
Cu20/P25-control had a slightly drop of bacterial population from 6.41- to 5.59-log 
and therefore, the net inactivation of E. cloacae through P C O reaction should be 
3.55-log instead of 4.37-log. Due to the fact that only CU2O/P25 could generate 
photo-response by visible light irradiation, effect of CU2O/P25 concentrations under 
visible light irradiation were studied and showed in Section 4.3.1. 
Table 4.3 Bacterial population (logio cfu/mL) of S. saprophyticus in the course of 
P C O reaction under visible light irradiation (13.5 mW/cm
2
). 
0 min 120 min 180 min 
P25 P25-Control 6.36 6.51 6.46 









-Control 6.44 6.40 6.42 





0/P25-Control 6.51 6.43 6.31 
(100 mg/L) P C O Reaction 6.45 637 5.19 
(*Standard deviation: <0.5 for all data) 
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Table 4.4 Bacterial population (logio cfu/mL) of E. cloacae in the course of P C O 
reaction under visible light irradiation (13.5 mW/cm
2
). 
0 min 120 min 180 min 
P25 P25-Control 6.45 6.44 6.45 









-Control 6.55 6.48 6.35 





0/P25-Control 6.41 6.24 5.59 
(100 mg/L) P C O Reaction 649 4.40 2.12 
(*Standard deviation: <0.5 for all data) 
4.3.1 Effect of CU2O/P25 concentrations 
Figures 4.17 and 4.18 showed the effect of CU2O/P25 concentrations in P C O 
disinfection for S. saprophyticus and E. cloacae under visible light irradiation. 
All of the photocatalyst-controls showed no effect on the S. saprophyticus population 
after stirring in dark for 3 h. Meanwhile, the use of either 50 mg/L or 200 mg/L of 
CU2O/P25 showed no inactivation towards S. saprophyticus when visible light was 
applied. Only when 100 mg/L of CU2O/P25 was used, there was 1.26-log inactivation 
out of 6.45-log of initial cell number. 
While for E. cloacae, even for the 100 mg/L and 200 mg/L Cu
2
0/P25-controls 
showed 0.82- and 3.28-log inactivation respectively. The inactivation was found to 
be related to the CU2O and the results were shown in Section 4.3.2. Overall, the net 
inactivation of E. cloacae using 50, 100 and 200 mg/L of Cu
2
0/P25 were 0.36-, 
3.55- and 2.02-log respectively and it seemed that the Cu
2
0/P25 loading of 100 mg/L 
was optimal to inactivate both bacterial species under visible light irradiation. 
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- A - P C O ( C U 2 0 / P 2 5 , 2 0 0 m g / L ) 
Figure 4.17 Effect of Cu
2
0/P25 concentrations on the P C O disinfection of S. 
saprophyticus. Experimental conditions: reaction volume 二 50 mL, Visible light 
/ 2 6 intensity = 13.5 mW/cm，stirring rate = 200 rpm and initial cell concentration = 10 
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Figure 4.18 Effect of CU20/P25 concentrations on the P C O disinfection of E. cloacae. 
Experimental conditions: reaction volume 二 50 mL, Visible light intensity 二 13.5 
mW/cm
2
, stirring rate = 200 rpm and initial cell concentration = 10
6
 cfu/mL. Each 
data point and error bar represents the mean and standard deviation of triplicates. 
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4.3.2 Effect of C112O powder on the two bacterial species 
Since there was a great drop of bacterial population in the CU2O/P25-control 
experiments in Section 4.3.1, the effect of CU2O powder towards the two bacterial 
species was studied and showed in Table 4.5. It was found that for S. saprophyticus, 
the bacterial population continue to drop from 6.36-log to 4.14-log after stirring at 
dark for 180 min. While for E. cloacae, there were even no detectable bacterial 
colonies found after stirring for 60 min in the dark. The results suggested that C112O 
powder had certain toxic effects on the two bacterial species and the Gram-negative 
bacterium, E. cloacae, was more sensitive to these effects than the Gram-positive S. 
saprophyticus, which coincided with the trend observed in the Cu2〇/P25-control 
experiments in Section 4.3.1. 
Table 4.5 Viability of the bacterial cells (in log) after stirring with 1 m g C112O powder 
in 0.85% NaCl solution at dark. 
0 min 60 min 120 min 180 min 
S. saprophyticus 6.36(0.08) 5.67 (0.17) 5.21 (0.22) 4.14(0.28) 
E. cloacae 6.31 (0.07) N.D. N.D. N.D. 
* N.D. means non-detectable 
Standard deviations were shown in parentheses. 
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4.4 Feasibility use of indoor light (fluorescent lamps) for PCO disinfection 
The P C O disinfection of S. saprophyticus and E. cloacae by using different 
photocatalysts under fluorescent lamps irradiation was shown in Figures 4.19 and 
4.20 respectively. 
It was found that neither Si02-Ti02 nor Cu
2
0/P25 was effective in the inactivation of 
S. saprophyticus as there was only about 1-log reduction of bacterial population after 
180 min. On the other hand, both P25 and Ag/P25 showed similar trend of 
inactivation. The bacterial population started to drop sharply from 15 min (Ag/P25) 
and 30 min (P25) and then the decline became more gradual and reached 5-log (P25) 
and 6-log (Ag/P25) inactivation finally. 
While for E. cloacae, Si02-Ti02 did not cause any disinfection for 180 min 
fluorescent lamps irradiation while complete inactivation was reached at 90，120 and 
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Figure 4.19 P C O disinfection of S. saprophyticus by using different photocatalysts 
under fluorescent lamps irradiation. Experimental conditions: reaction volume 二 50 
• • 2 mL, Light intensity = 8 m W / c m , stirring rate = 200 rpm and initial cell 
concentration = 10 cfu/mL. Each data point and error bar represents the mean and 
standard deviation of triplicates. 
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Irradiation time (min) 
P25 (100 mg/L) 
Ag/P25 (100 mg/L) 
- A - Si02-Ti02 (350 mg/L) 
C U 2 0 / P 2 5 ( 1 0 0 m g / L ) 
Figure 4.20 P C O disinfection of E. cloacae by using different photocatalysts under 
fluorescent lamps irradiation. Experimental conditions: reaction volume = 50 mL, 
Light intensity 二 8 mW/cm
2
, stirring rate 二 200 rpm and initial cell concentration = 
10
6
 cfu/mL. Each data point and error bar represents the mean and standard deviation 
of triplicates. 
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4.5 Transmission electron microscopy (TEM) 
4.5.1 Morphological changes induced by PCO using P25 as a photocatalyst 
Plates 4.1 and 4.2 were the T E M micrographs for S. saprophyticus and E. cloacae 
before and during the P C O reaction under U V irradiation using P25 as photocatalyst. 
At time = 0 min, both S. saprophyticus and E. cloacae were intact and the structure 
of the cell wall can be observed clearly. After 30 min of P C O reaction, some 
morphological changes were observed in most of the cell population. There were 
some electron-translucent portions inside the cells for both bacterial species. When 
time proceeded to 60 min, the cell wall structure could hardly be observed for S. 
saprophyticus and more electron-translucent portions were present inside the 
cytoplasm. There was partially disruption of the cell wall structure for most of the 
cells observed under the electron microscope. While for E. cloacae, although the 
oval shape of the cells still held, majority of the cells showed an increase in 
electron-translucent portions inside their cytoplasm. After 90 min of P C O reaction 
when there was no more survival of the bacterial cells, both the cells of S. 
saprophyticus and E. cloacae showed disintegration and only fragments of the cells 
could be observed. The cell wall was completely disrupted and no longer can be 
observed. 
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Plate 4.1 The T E M micrographs of S. saprophyticus after (A) 0, (B) 30, (C) 60 and 
(D) 90 min ofPCO disinfection. Experimental conditions: reaction volume 二 50 mL, 
P25 concentration = 200 mg/L, U V intensity = 0.09 mW/cm , stirring rate = 200 rpm 
• • Q 
and initial cell concentration = 
10° cfu/mL. 
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Plate 4.2 The T E M micrographs ofR cloacae after (A) 0, (B) 30, (C) 60 and (D) 90 
min of P C O disinfection. Experimental conditions: reaction volume = 50 mL, P25 
) 
concentration = 200 mg/L, U V intensity = 0.09 mW/cm，stirring rate = 200 rpm and 
initial cell concentration 二 
10° cfu/mL. 
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4.5.2 Morphological changes induced by PCO using Cu20/P25 as a 
photocatalyst 
Plates 4.3 and 4.4 were the T E M micrographs for S. saprophyticus and E. cloacae 
before and during the P C O reaction under both U V and visible light irradiation using 
CU20/P25 as photocatalyst. It could be seen that for S. saprophyticus, the structure of 
the cells remained intact at 0 min, 30 and 60 min after U V irradiation or 6 and 9 h 
after visible light irradiation. The viability of the cells has already reached zero after 
60 min U V irradiation or 9 h visible light irradiation. By extending the irradiation 
time to 24 h by visible light treatment, surprisingly all of the cells observed under the 
electron microscope still remained intact. These results suggested that there was no 
change of cell morphology though they had already been completely inactivated by 
the P C O process. 
Similar case was observed for E. cloacae. The cells had already been completely 
inactivated after 40 min U V irradiation or 4 h visible light irradiation. However, cells 
morphology remained unchanged even when the visible light treatment time 
increased to 24 h. The only difference observed apart from S. saprophyticus was that 
there were some electron-translucent portions inside the cytoplasm during P C O 
reaction. When the irradiation time (either U V or visible light) increased, the 






Plate 4.3 The T E M micrographs of S. saprophyticus after (A) 0, (B) 30 and (C) 60 
min of U V irradiation (0.09 mW/cm
2
) and (D) 6, (E) 9 and (F) 24 h of visible light 
參 _ • 2 參 
irradiation (13.5 m W / c m ) in PCO disinfection. Experimental conditions: reaction 
volume = 50 mL, CU20/P25 concentration =100 mg/L, stirring rate 二 200 rpm and 
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Plate 4.4 The T E M micrographs ofE. cloacae after (A) 0, (B) 20 and (C) 40 min of 
U V irradiation (0.09 mW/cm
2
) and (D) 2，(E) 4 and (F) 24 h of visible light 
• • • . 2 
irradiation (13.5 mW/cm ) in PCO disinfection. Experimental conditions: reaction 
volume = 50 mL, CU20/P25 concentration 二 100 mg/L, stirring rate 二 200 rpm and 
initial cell concentration 二 
10
6
 cfu/mL. 79 
4.6 Catalase (CAT) test 
Results for Part I experiment are shown in Plate 4.5. After the addition of 0.1 m L 
H2O2 to S. saprophyticus, bubbles started to evolve vigorously at 15 sec and more 
bubbles were generated continuously at 30 and 120 sec. While for E. cloacae, no 




. At 120 sec, only 
some small bubbles were observed inside the washed bacterial droplet of E. cloacae. 
(A) (B) 
_ _ 關 
(C) (D) 
關 晒 
• P l ^ g V 
I • ， 
L J i 




 stock solution (35% by weight) to 1 m L of 
washed cell suspension after (A) 0 sec, (B) 15 sec, (C) 30 sec and (D) 120 sec. The 
Petri discs on the left showed the results for S. saprophyticus and the Petri discs on 
the right showed the results for E. cloacae. 
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Part II of the experiment showed the change in cell density of S. saprophyticus and E. 
cloacae after treating with different concentration of H2O2 solution (Table 4.6). 
Results showed that under all tested H2O2 concentrations, the bacterial population of 
S. saprophyticus remained unchanged. It suggested that the bacterial survival was 
unaffected by treating with even as high as 1 M of H2O2. Same fact was observed 
only by applying low concentration of H2O2 (0.1 M ) to the E. cloacae. By further 
elevating the H2O2 concentration to 0.5 or 1 M , all of the E. cloacae lost their 
viability after 20 min of the treatment time. 
Table 4.6 The change in viable cell count (logio cfu/mL) of saprophyticus and E. 
cloacae after treating with different concentration of H2O2 solution. 





 8.60 8.46 8.51 
0.1 MH2O2 8.57 8.40 8.44 
saprophyticus 0 0 1Q 










 8.58 8.44 8.53 
0.1 MH2O2 8.49 8.41 8.08 










 8£1 0 0 
(*Standard deviation: <0.5 for all data) 
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4.7 Superoxide dismutase (SOD) activity assay 
The S O D activities for S. saprophyticus and E. cloacae were shown in Figure 4.21. 
The higher the % inhibition indicated that the cell has a higher S O D activity and 
there were 4.95 and 6.21% inhibition for S. saprophyticus and E. cloacae 
respectively which showed no significant difference after the statistical analysis. 
- • 1 
S. saprophyticus E. cloacae 
Figure 4.21 The S O D activities (in % inhibition) for S. saprophyticus and E. cloacae. 
• 7 
Concentration of cell = 10 cfii/mL. Each bar and error bar represents the mean and 
standard deviation of triplicates. Means with the same color and letter are statistically 
identical (One way A N O V A followed by Tukey test, p<0.05). 
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5. Discussion 
5.1 Efficacy test 
There are some criteria for the selection of bacteria to be tested in the P C O 
disinfection process. Firstly, the bacteria chosen should be UV-A resistant so that the 
inactivation would be the result of P C O process instead of direct photo-inactivation 
by UV-A. In addition, the bacteria should be representative enough which can be 
commonly found in environmental samples like soil, sand, sewage and natural waters. 
Moreover, in order to compare the P C O disinfection ability between Gram-positive 
and Gram-negative bacteria, the bacteria chosen should be a typical one so as to 
represent the general response of the same Gram-type of bacteria during P C O 
process. As a result, Staphylococcus saprophyticus (Gram-positive) and Enterobacter 
cloacae (Gram-negative) were chosen as they are readily available in our laboratory 
and fulfill the above selection criteria. 
Results from efficacy test showed that there were about 3- and 7-log inactivation of S. 
saprophyticus and E. cloacae, respectively after 60 and 30 min P C O treatment. It 
means that both species were susceptible to P C O reaction and thereby they were used 
in the present study to demonstrate the bacterial inactivation by PCO. 
5.2 PCO disinfection under UV irradiation 
U V light is the most commonly used irradiation source in P C O disinfection study 
(Pham et al, 1995; Watt et al” 1995; Armon et al, 1998; Sunada et al” 2003; Cho et 
al” 2004b) due to its short wavelength emission which can effectively excite the 
photocatalyst molecules such as TiC>2 in the P C O process. The large band gap energy 
level of 3.2 eV of TiC>2 limited its uses with visible light since it only excites by 
absorbing energy of wavelength less than 400 nm. Therefore, U V lamp (max. 
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emission at 365 nm) was the first irradiation source used to study the bacterial 
inactivation by P C O using P25 as well as other modified photocatalysts. 
5.2.1 Optimization study 
Several physicochemical parameters were chosen to be optimized in this part of 
study. They were photocatalyst (P25) concentration, U V intensity, stirring rate and 
initial cell concentration. P25 and U V are the two essential components in P C O 
reaction and many studies had demonstrated the effect of these two parameters 
towards P C O disinfection (Wei et al, 1994; Bekbolet & Araz, 1996; Dunlop et al.t 
2002; Cho et al” 2004b). In this study, combinational study was carried out after the 
optimization of these two individual parameters and the details were discussed in 
Section 5.2.1.3. 
The selection of optimal conditions in P C O disinfection depends on the standard 
requirements for the treated water. Since complete inactivation can greatly reduce the 
chance of bacterial re-proliferation and also prevent the survival of more resistant 
strains towards P C O reactions (Sun et al, 2003), it was used in the present study as a 
standard so that high quality of the treated water can be ensured. 
5.2.1.1 Effect of P25 concentrations 
The increase in P25 concentration would generally increase the inactivation rate. 
This is because more *OH are formed due to the increased generation of 
electron-hole pairs. Since *OH are the major oxidant responsible for the PCO 
degradation processes (Ireland et al, 1993; Belhacova et al., 1999; Cho et al, 2004a), 
the increase in its production would speed up the bacterial inactivation process. 
Besides, as P C O reactions are carried out on the surface of the catalysts surface 
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through diffusion-controlled reaction (Dorfman & Adams，1973; Ireland et al, 1993; 
Watts et al., 1995), a higher concentration of P25 provides more surfaces (active sites) 
and increases the chance of contact between the bacterial cells and the photocatalyst. 
More interaction between the bacterial cells and P25 eventually enhances the surface 
oxidation of the bacterial cell leading to an increase in the inactivation rate. 
However, for both S. saprophyticus and E. cloacae, the I.E. remained statistically the 
same or even had a significant drop (in case of S. saprophyticus at initial cell 
n 
concentration of 10 cfu/mL) when the P25 concentration further increased to 300 
mg/L. This is due to the fact that too high concentration of P25 affected the opacity 
of the suspension in which U V light could not reach the inner part of the reaction 
mixture due to the scattering of light on the outer surface of the reaction flask (Saito 
et al” 1992; Bekbolet, 1997; Maness et al., 1999; Christensen et al, 2003; Kim et al., 
2003). In addition, aggregation of TiC>2 particles at high concentration would reduce 
the amount of available active sites for the disinfection of bacteria (San et al, 2001) 
although this phenomenon was not observed in the present study. To sum up, there is 
an optimum loading of photocatalyst in P C O reaction, too high or too low 
concentration would reduce the rate of inactivation in certain extents. 
5.2.1.2 Effect of UV intensities 
Upon irradiation, TiC>2 will be excited to form electron (e')-hole (h
+
) pairs and 
generate ROS. A higher U V intensity would increase and prolong the formation of 
electron-hole pairs and thus generate more R O S through a chain of reactions since 
more energy is provided to the TIO2 molecules (Ollis et al, 1991; Gumy et al., 2006). 
The results in the present study agreed with the explanation that for both S. 
saprophyticus and E. cloacae, there was a sharp increase in I.E. when U V intensity 
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increased from 0.03 to 0.09 mW/cm
2
. However, further increased the U V intensity to 
2 • • • 
0.13 m W / c m shows no improvement of inactivation when compared with using 0.09 
7 9 
m W / c m . It indicates that 0.13 m W / c m of U V was already in excess under the 
experimental conditions and other factors may be limiting and hindered the rate of 
inactivation. 
5.2.1.3 Combinational study of P25 concentrations and UV intensities 
In P C O reaction, Ti〇2 and U V are the two essential components and it was found 
that their individual effects affected the I.E. in a great extent. However, without 
performing the combinational study, the interaction between these two parameters 
cannot be obtained. Also, it may lead to the wastage of either T1O2 or U V since one 
factor may be in excess due to the limited amount of another factor in the reaction 
system. That is why in sometimes, an increase in the amount of a factor do not 
improve the I.E.. For example, when the amount of TiC>2 is limited, not all U V light 
is captured since all Ti〇2 molecules are already excited and it will caused wastage of 
the U V energy. On the other hand, when TiO】 is in surplus, limited amount of U V 
cannot penetrate through the reaction mixture and the TiC>2 in the middle are not 
excited since they are screened by those on the outer surface due to the scattering and 
shielding of the U V light (Bekbolet, 1997; Christensen et al” 2003). As a result, 
optimum loading of both factors can provide a cost-effective means of disinfection. 
5.2.1.4 Effect of stirring rates 
A well-mixing suspension of TiO】 and bacteria can be achieved by providing suitable 
stirring or agitation in the reaction mixture. This not only prevents the settle of the 
TiC>2 on the bottom of reaction flask that reduces the surface area for the TiO〗 to 
absorb light, it also facilitates dissolving atmospheric oxygen into the reaction 
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mixture since O2 is essential to accept electrons promoted to the conduction band for 
the production of *OH. Results showed that too low stirring rate (i.e. 100 rpm) was 
not enough to suspend all the TiC>2 particles. While at too high stirring rates (i.e. 300 
or 400 rpm), the I.E. didn't improve and even caused a decline. This is due to the fact 
that at too high stirring rate, the contact time between the bacteria and the TiO〗 
surface is shortened due to the shearing force. Since the P C O disinfection is believed 
to occur on the surface of the TiC^ (Kormann et al” 1991; Saito et al., 1992; Maness 
et al” 1999), a shorter contact time would hinder the rate of disinfection process. 
5.2.1.5 Effect of initial cell concentrations 
Both S. saprophyticus and E. cloacae showed a faster inactivation rate when the 
initial cell concentration was low (10 cfu/mL) and complete inactivation was 
achieved at 10 min and 7.5 min respectively. However, when the cell concentration 
increased to 10
7
 cfu/mL, a longer time (50 min and 15 min) was required for 
complete inactivation. This can be explained by the fact that increasing the cell 
number would lower the availability of Ti〇2 to each of the cells. More cells are 
competing to bind with the active sites on the Ti〇2 surface. Also, a higher cell 
density would increase the turbidity of the reaction mixture which resulted in a 
stronger scattering of U V light. Furthermore, in the course of P C O reaction, there is 
leakage of cytoplasmic components due to the permeability change of the cell 
membrane (Saito et al., 1992; Maness et al, 1999). These substances would further 
compete for the active sites on the Ti〇2 surface and consume the *OH produced. 
Therefore, the increase in the initial cell concentration would adversely affect the rate 
of P C O disinfection. 
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5.2.2 Comparison of PCO inactivation efficiency between S. saprophyticus and E. 
cloacae 
From the results obtained, the P C O disinfection of the Gram-negative bacterium, E. 
cloacae, was much faster than that of the Gram-positive bacterium, S. saprophyticus, 
especially in a high initial cell concentration of 10
7
 cfu/mL. The differences in the 
complexity and density of Gram-positive and Gram-negative cell structure may 
therefore affect the inactivation. The thicker peptidoglycan layer of cell wall in 
Gram-positive bacteria may increase its resistance to oxidative stresses caused by 
ROS. This finding agreed with Kiihn et al. (2003) which demonstrated that the 
reduction efficiencies (R.E.) decrease in the following order: E. coli > Pseudomonas 
aeruginosa > Staphylococcus aureus > Enterococcus faecium. However, Matsunaga 
et al (1985) found that complete inactivation of Lactobacillus acidophilus (60 min) 
was faster than that oiEscherichia coli (120 min). Therefore, it still cannot conclude 
that P C O disinfection rate are directly related to the structural differences of the cell 
walls between different Gram-types of bacteria. 
In fact, the rate of P C O disinfection not solely depends on the fundamental 
differences between cell wall/envelope composition between Gram-positive and 
Gram-negative bacteria. Other factors may also affect the inactivation rate. For 
instance, the activities and levels of enzymes such as superoxide dismutase (SOD) 
and catalase (CAT) of the target bacterium will affect its ability to resist the oxidative 
damage caused by the R O S generated in P C O reaction (Koizumi et al., 2002). 
Besides, some bacteria may have better adsorption ability on Ti〇2 surface either 
related to the surface charge or hydrophobicity of the cell surface (Gilbert et al, 1991; 
Lin et al., 1997) and thus, the inactivation rate may be affected since direct contact 
between bacterial cells and TiC>2 particles is required for the heterogeneous 
88 
photocatalytic processes (Kormann et al., 1991; Saito et al., 1992; Maness et al., 
1999). Additional experiments to study the enzyme activities of the target bacteria 
were performed and the results were explained in Sections 5.6 and 5.7. 
5.2.3 PCO disinfection using different photocatalysts 
5.2.3.1 Ag/P25 
The P C O disinfection efficiency of Ag/P25 was compared with P25 alone. It was 
found that Ag/P25 at 50 and 100 mg/L showed faster inactivation when compared 
with P25 alone at the same concentration for both S. saprophyticus and E. cloacae. 
During the photo-excitation of TiC>2，most of the electrons that promoted to the 
conduction band are lost by recombination while some of them are accepted by 
oxygen molecules to generate ROS. However, in the presence of Ag, some of the 
excited electrons will flow into the Ag clusters instead of lost by recombination so 
that the holes in the valence band can continue to generate R O S through reacting 
with surface adsorbed OH" and H2O. As a result, a better charge separation is 
achieved. The Ag loaded on P25 surface resulted in the formation of Schottky 
barriers at the Ag-TiC>2 junctions (Zhang et al, 2003, 2005) to assist a better charge 
separation. It has also been reported that for the disinfection of Micrococcus lylae, 
using Ag/P25 showed about 20% higher inactivation than by using P25 alone under 
the same experimental conditions (Zhang et al, 2003). 
Nevertheless, results also indicated that at high photocatalyst concentration (i.e. 200 
mg/L), P25 performed better than Ag/P25. Since the reaction mixture of Ag/P25 was 
light brown in color, the color intensity increases at high concentration and thus, it 
increases the turbidity of the reaction mixture and reduces the penetration of light 
due to scattering and shielding effects, leading to slower inactivation. 
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5.2.3.2 Si02-Ti02and Cu20/P25 
The disinfection abilities of Si02-Ti02 and CU2O/P25 under U V irradiation were 
investigated and P25 was used as a reference. It should be noted that the 
concentration of Si02-Ti02 used was 5,000 mg/L since preliminary studies showed 
that the use of lower concentrations (i.e. 350 mg/L or 1,000 mg/L) would result in 
very low inactivation under U V irradiation for both bacterial species. 
The disinfection efficiency decreased in the order of P25 > Si02-Ti02 > CU20/P25 
for both S. saprophyticus and E. cloacae and it indicated that P25 was the most 
efficient photocatalyst among the three photocatalysts. Although disinfection using 
P25 is promising, the photocatalyst powders are difficult to be collected and recycled 
since they are small and well-dispersed in the reaction container (Butterfield et al, 
1996; Hu et al” 2001). Thus, in order to obtain a balance between the recycling cost 
and the treatment time, Si02-Ti02 may be an alternative when the treatment time is 
not so critical since Si02-Ti02 has a much faster sedimentation rate when compared 
with P25 though the treatment time was doubled for complete inactivation. Finally, 
for CU20/P25, the inactivation process was the slowest. Complete inactivation of S. 
saprophyticus cannot be reached even after 60 min of reaction time. It indicates that 
this photocatalyst is not efficient under U V irradiation. It may due to the poor 
adsorption ability of the photocatalyst towards bacterial cells after the sensitization of 
CU2O onto P25 so that there may be less affinity and/or shorter contact time between 
the CU20/P25 and the cells which leaded to a lower rate of inactivation. 
5.3 PCO disinfection under visible light irradiation 
Visible light (400 - 700 nm) is less energetic when compared with U V and the results 
shown in Tables 4.3 and 4.4 indicated that there is no decline of bacterial population 
9 0 
after 180 min visible light irradiation using P25 as photocatalyst. This is because P25 
has a relatively large band gap energy of 3.2 eV which cannot be excited by visible 
light to form charge carriers and *OH. Same observation was found using Si02-Ti02 
as photocatalyst because SiC>2 only functions as a support in Si02-Ti02 (Hu et al., 
2001) which would neither narrowing the band gap of TiC>2 nor being photo-excited 
itself by the visible light. 
Only CU20/P25 used in this study showed certain disinfection ability through visible 
light irradiation. There were 1.26- and 3.55-log inactivation of S. saprophyticus and 
E. cloacae respectively after 180 min P C O treatment. The low band gap energy of 
C112O (2.1 eV) enables it to be excited by visible light. However, this narrow band 
gap also facilitated the recombination of electrons and holes of the excited CU2O 
molecule (Hara et al, 2000). Therefore, Cu
2
0 alone is not an efficient photocatalyst 
since rapid recombination will be resulted after excitation. The sensitization of CU2O 
onto TiC>2 is believed to reduce the self recombination of the C112O molecule. A 
postulated mechanism for the phtocatalytic activity of Cu
2
0/P25 upon visible light 
irradiation is that when CU2O on TiO〗 surface absorbs visible light, electron is 
excited to a higher energy level (Sakata et al, 1998). It is injected to the conduction 
band of the Ti0
2
 molecule. The electron may fall back into the hole of Cu
2
0 or 
scavenge by the oxygen molecule adsorbed on the surface of the photocatalyst to 
form the highly oxidative •OH through Equations 1.8 - 1.12. At the same time, the 
hole of Cu
2
0 may react with H
2
0 or OH" to form *OH through Equations 1.5 - 1.7. 
As a result, the charge separation is prolonged and more *OH is being generated. 
5.3.1 Effect of CU 2 0/P25 concentrations 
From the results for the inactivation of S. saprophyticus, only CU2O/P25 of 100 mg/L 
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caused a decline of bacterial population. Either 50 or 200 mg/L of CU2O/P25 caused 
no change in cell density after 180 min. Cu2〇/P25 of 50 mg/L may be too low to 
generate sufficient amount of *OH and can only cause partial disruption of the cell 
wall peptidoglycan layer of saprophyticus. Since the disruption of cell wall would 
not affect the survival of the bacteria due to the presence of cell wall repair 
mechanism (Dunlop et al, 2002), there was no observable drop of bacterial 
population. While by using 200 mg/L of CU20/P25, the major problem would be the 
scattering and shielding effect that lowered the actual light intensity reaching the 
surface of the photocatalyst. As a result, 100 mg/L was the optimal loading in the 
disinfection process. 
For E. cloacae, it is observed that even the Cu
2
0/P25-controls (without light) caused 
a drop of bacterial cells and the increase in Cu
2
0/P25 concentration would result in 
less viable bacterial count after 180 min. There was over 3-log decline of bacterial 
cells for Cu
2
0/P25-control at 200 mg/L. Due to the large amount of cell loss by the 
controls, it is speculated that C112O itself pose certain toxic effect to the bacteria 
rather than purely due to the adsorption effect of the cells towards the photocatalyst 
and this phenomenon was demonstrated in the next section. 
5.3.2 Effect of Cu20 powder on the two bacterial species 
One m g of Cu
2
0 powder was added to 50 m L of 0.85% NaCl solution for the study 
of its effect towards the two bacterial species since this amount was comparative to 
the amount of Cu
2
0 coated onto the P25 photocatalyst. It was found that the cell 
population of S. saprophyticus dropped from 6.36 to 4.14-log after 180 min of 
stirring with C112O powder without irradiation. It may due to the adsorption of the 
bacterial cells to the Cu
2
0 and/or the toxic effect that inactivate certain amount of the 
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bacteria. By interpreting the results for E. cloacae, it indicated that toxic effect 
should be the major cause for the decline of viable count instead of adsorption since 
the bacterial population dropped to zero after treating with CU2O for 60 min. If 
adsorption was the only cause for the decrease of cell number, there should still be 
some viable count being detected after 60, 120 or 180 min of treating with Cu
2
0. The 
reason that CU2O powder alone exerted a higher toxic effect to both S. saprophyticus 
and E. cloacae than that of the sensitized form (i.e. CU2O/P25) with comparative 
CU2O amount was due to the fact that C112O alone is freely suspended in the solution 
rather than being coated on a surface and thus it is more exposed and contains more 
active surface to contact with the target bacteria. To conclude, CU2O exert certain 
toxic effect to the bacterial cells and it seemed that different species have different 
sensitivities toward the toxicity of C112O powder. And the fact that E. cloacae was 
inactivated faster than S. saprophyticus may be due to the greater susceptibility of E. 
cloacae to the toxicity of CU2O. Therefore, the inactivation of E. cloacae may be the 
results of visible light-assisted P C O in addition to certain amount of toxic effect 
posed by CU2O in which the effect depends on the Cu
2
0 concentration. At 100 mg/L 
of CU2O/P25, since there was only a slightly drop in E. cloacae cell number in 
Cu
2
0/P25-control, majority of E. cloacae should be inactivated through visible 
light-assisted P C O reaction and the inactivation due to the toxic effect of Cu
2
0 
should be a minor one. 
5.4 Feasibility use of fluorescent lamps for PCO disinfection 
Fluorescent lamps are widely used at home, offices, shopping malls and hospitals, etc. 
as indoor illumination. In addition, it contains small amount of U V emission as 
mentioned in Section 1.5.3 when a filter is not used to remove light of A, < 400 nm. 
As a result, it is worth to study the disinfection ability of different photocatalysts 
9 3 
under fluorescent lamp irradiation. 
After the studies, it was found that Si02-Ti02 had the lowest disinfection ability 
among all the photocatalysts by fluorescent lamp irradiation. It indicates that the 
amount of U V emitted from fluorescent tubes is insufficient to generate enough •OH 
through the excitation of the Si02-Ti02 molecule. It may due to the change of lattice 
structure by the formation of Ti-O-Si cross-linking bonds (Hu et al., 2001) that 
resulted in a weaker photo-response of the whole molecule. 
While for CU2O/P25, the inactivation of S. saprophyticus was about 1-log. However, 
inactivation of E. cloacae was completed after 180 min. These results coincided with 
that of the visible light study which showed a faster inactivation of E. cloacae than S. 
saprophyticus. It may again due to the toxic effect of CU2O towards E. cloacae 
although the effect should not be great when 100 mg/L of Cu
2
0/P25 was used. On 
the other hand, it can be observed that the inactivation using fluorescent lamps at 8 
mW/cm
2
 of light intensity is more efficient than that of using pure visible light at a 
much higher intensity of 13.5 mW/cm
2
. It means that the small portion of U V 
emitted from fluorescent lamps is an important excitation source in the P C O reaction 
which masked the effect of the visible light intensity. 
The disinfection using P25 and Ag/P25 under fluorescent lamps irradiation showed 
that there were about 5-log inactivation of S. saprophyticus after 180 min and 
complete inactivation of E. cloacae after 90 and 120 min respectively. With reference 
to the inability of P25 to generate photo-response under visible light irradiation, these 
results further suggested that the trace amount of U V emitted from fluorescent lamps 
is sufficient to excite the photocatalysts and generate considerable amount of •〇!！ for 
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disinfection. 
Though the time required for disinfection using fluorescent lamps is much longer 
than that of using U V lamps, fluorescent lamps are readily used in many indoor 
environments and would not cause harmful effects as the U V lamps do. Thus, it can 
be potentially used in P C O reaction to provide a safer and more cost-effective 
alternative to U V lamps for the disinfection of indoor environments. 
5.5 Transmission electron microscopy (TEM) 
5.5.1 Morphological changes induced by PCO using P25 as a photocatalyst 
The structures of the cells during P C O reactions were shown in the T E M 
micrographs. At time zero, both S. saprophyticus and E. cloacae showed intact cell 
structure with clearly observable cell wall. At the onset of P C O processes, several 
modes of disinfection were taken place for the inactivation (killing) of the bacterial 
species before cell disintegration as observed in 90 min of the T E M micrographs. 
Due to the distinction of the cell wall structures of S. saprophyticus and E. cloacae, 
the initial sites of attack by the *OH should be different. For S. saprophyticus,
 #
O H 
would first contact with the peptidoglycan cell wall leading to partially damage of it. 
Since the peptidoglycan layer of Gram-positive bacteria is relatively thick, it was 
suggested that it can act as barrier to resist the attack by the *OH (Kuhn et al, 2003; 
Lonnen et al., 2005). While for E. cloacae, the outer membrane would be the first 
site of attack by the *OH. The attack would result in the alteration of the outer 
membrane and thus enabling *OH to get into the peptidoglycan layer and further 
oxidize it. Since the peptidoglycan layer of Gram-negative bacteria is thin, *OH can 
readily access to the cell membrane once the integrity of the outer member is 
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disturbed (Sunada et al.f 2003). At this stage, since only the cell wall structures are 
changed, survival of the cells would not be affected (Dunlop et al., 2002). 
The next site for the *OH attack for both Gram-positive and Gram-negative bacteria 
was the cytoplasmic membrane (Saito et al” 1992; Watts et al., 1995; Maness et al, 
1999). Highly reactive
 #
O H would get into the cytoplasmic membrane through the 
partially damaged cell wall which lead to the alteration of the cell membrane through 
oxidation and lipid peroxidation (Maness et al” 1999). As a result, the cell membrane 
was no longer selectively permeable and
 #
O H was able to enter the cytoplasm and 
oxidize intracellular components. At the same time, leakage of cytoplasmic 
components would be occurred. The oxidation and leakage of cytoplasmic 
components resulted in the formation of electron-translucent parts as observed in the 
T E M micrographs at 30 and 60 min. The membrane-bound respiratory enzymes 
would be inhibited due to the dimerization of intracellular Co-A (Matsunaga et al, 
1985, 1988). Further action of *OH would finally oxidize the whole cells into 
fragments as observed in the T E M micrographs at 90 min. If P C O process continued 
to carry on, mineralization should have occurred so that all the organic components 
of the cells would be oxidized into inorganic forms (Sun et al, 2003). 
5.5.2 Morphological changes induced by PCO using Cu20/P25 as a 
photocatalyst 
The morphological changes of cells by P C O using Cu
2
0/P25 as photocatalyst were 
very different from that of using P25 alone. There was no change in cell structure and 
shape for S. saprophyticus even after 24 h of visible light treatment though the cells 
had already been completely inactivated after 9 h. Although there were no observable 
changes in the T E M micrographs, the cells should have certain alterations leading to 
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its inactivation. One of the possible effects is the membrane permeability changes 
resulting in leakage of intracellular ions such as potassium ion (K+) (Saito et al., 
1992). Due to the fact that protein synthesis is greatly related to the intracellular K
+ 
concentration (Ennis, 1971), the leakage of K+would be followed by the loss of cell 
viability (Meury & Kepes, 1982; Meury & Robin，1985). The relatively small size of 
K+ when compared with macromolecules like proteins makes it readily diffuse out of 
the cells once there are alterations and permeability changes in the cell membrane. 
Other intracellular components may remain inside the cells since they are still too 
large to pass through the altered membrane and thus, electron-translucent portions 
were not observed in the T E M micrograph although the cells has already been 
inactivated. It is believed that by further extending the time of P C O reaction, 
electron-translucent portions of the protoplasm will be observed and cell 
disintegration will finally occur. 
While for E. cloacae, increasing the irradiation time would increase the portion of 
electron-translucent parts inside the cells. However, E. cloacae still maintained its 
shape even after 24 h of visible light irradiation. Since the formation of 
electron-translucent portions was the early stage to indicate the partial disruption of 
cell membrane (Saito et al, 1992) through oxidation and/or the leakage of 
intracellular components as described in Section 5.5.1, the disinfection mechanisms 
using CU
2
0/P25 were similar to that of P25 but the action was comparatively slower. 
Reactive oxygen species (ROS) generated upon light irradiation of Cu
2
0/P25 may 
therefore not powerful enough either qualitatively or quantitatively for the complete 
destruction of the bacterial cells within the time of investigation. 
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5.6 Catalase (CAT) test 
Part I of C A T test is a qualitative test to determine whether the bacteria contain the 
enzyme C A T to quench one of the R O S generated in the P C O process, which is H2O2. 
The evolution of bubbles is an indication for the production of O2 through converting 
H2O2 into 〇2. It is expected that the more of the bubbles (O2) generated, the higher 
the activity of C A T the cells contained. With reference to Plate 4.5, S. saprophyticus 
started to evolve bubbles vigorously at 15 sec. It indicated that the cells had a high 
CAT activity so that H2O2 was being converted into O2 continuously. However, by 
adding H2O2 to E. cloacae droplet under the same experimental conditions, no 
bubbles were observed in the first 30 sec. Only small bubbles were trapped inside the 
bacterial droplet after 120 sec. It suggested that the CAT activity in E. cloacae was 
very low when compared with that of S. saprophyticus. 
To further study the effect of H2O2 on the survival of the bacteria, Part II CAT test 
was carried out. The less decline in cell population in the test indicated that the cell is 
more resistant to H2O2 mainly due to its higher CAT activity. The cell population of S. 
saprophyticus remained constant when treating with all concentrations of H2O2 (i.e. 
0.1, 0.5 and 1 M ) for 20 min while that of E. cloacae dropped to zero when they 
were treated with 0.5 or 1 M of H2O2 for the same period of time. These results 
together with that obtained in Part I suggested that the higher resistance of S. 
saprophyticus towards H2O2 was due to the higher activity of CAT of the cell when 
compared with E. cloacae. 
In P C O reaction, H2O2 is generated as reaction intermediate. It may directly oxidize 
the cell through diffusion or further react with other intermediates to form *OH 
(Bekbolet & Araz, 1996; Rincon & Pulgarin, 2003). High activity of CAT provide an 
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effective means for bacteria to defense against H2O2 direct attack and also to inhibit 
the formation of the more reactive and damaging oxidizing agent •OH. The results in 
this part suggested that one of the possible reasons for the longer time required for 
inactivating S. saprophyticus than E. cloacae through P C O reaction is related to the 
high C A T activity in S. saprophyticus, which scavenged H2O2 and inhibit further 
production of *OH in P C O reaction. 
5.7 Superoxide dismutase (SOD) activity assay 
The production of S O D enzymes is one of the major defense mechanism of cells 
against oxidative stress (Rincon & Pulgarin，2003). In the S O D activity assay, 
activity of S O D is measured by % inhibition. The higher of the S O D activity would 
lower the colorimetric signal of chromagen solution measured at O D 490 n m and 
result in a higher % inhibition. Results in this study showed that both S. 
saprophyticus and E. cloacae caused certain inhibition in the formation of 
colorimetric signal. It means that both cells contained certain amount of SOD. 
Moreover, since there was no significant difference between their inhibition % , they 
should have similar ability to defense against *0{ stress. 
Together with the results obtained in CAT test, the bacterial defense mechanisms 
against R O S generated during P C O reaction can be explained as follow. First, when 
electron in the photocatalyst molecule is excited to conduction band, it will be 
accepted by surface-adsorbed O2 molecule to form *02
-
. Since both S. saprophyticus 
and E. cloacae contained similar amount of SOD, some .(¾
-
 will be dismuted into 
H2O2 and O2 while the remaining .CV will continue to react to form H2O2 and
 -
OH. 
For S. saprophyticus, due to the fact that it contained a higher CAT activity, it can 
further convert H2O2 into O2 and H
2
0 and hence, reduce much of the oxidative stress 
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and being more resistance to PCO. For E. cloacae, since it had a lower activity of 
CAT, most H2O2 continue to react to form *OH and oxidize the cells. This results in a 




Photocatalytic oxidation (PCO) offers an effective and efficient approach for the 
inactivation of bacteria in water. It has the advantages of being cost effective and 
environmentally acceptable. There is minimal production of disinfection by-products 
and the reaction occurs in ambient conditions. Efficacy test demonstrated the P C O 
inactivation towards Staphylococcus saprophyticus and Enterobacter cloacae. It was 
found that 3- and 7-log inactivation of S. saprophyticus and E. cloacae were 
achieved after 60 and 30 min of P C O reaction, respectively. Therefore, it is 
efficacious to carry out P C O process for the inactivation of bacteria. 
Optimization of physicochemical conditions during P C O reaction was performed so 
as to maximize the cost-effectiveness of the treatment process. The optimized 
conditions for P C O disinfection of S. saprophyticus at 10 cfU/mL of initial cell 
• /： n 
concentration and E. cloacae at 10 and 10 cfu/mL of initial cell concentrations were 
200 mg/L of P25 concentration, 0.09 m W / c m of U V intensity and 200 rpm of 
stirring rate. While for the inactivation of S. saprophyticus at 10
6
 cfu/mL of initial 
cell concentration, 100 mg/L of P25 concentration (with other conditions the same as 
above) was found to be optimal. The small variation of the optimal conditions as 
shown above facilitates the P C O disinfection process since same conditions can be 
applied for the efficient treatment of different bacterial species under different initial 
cell concentrations. 
Under the optimal conditions, S. saprophyticus showed a higher resistance to PCO 
reaction than E. cloacae. Other studies stated that the thick peptidoglycan cell wall of 
Gram-positive cells may act as a barrier to resist the attack of *OH. Besides, it is 
believed that the activities and levels of enzymes such as CAT and S O D would affect 
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the bacterial resistance toward P C O process. 
In order to improve the efficiency of Ti0
2
 by reducing the recombination process of 
the holes and electrons pairs and/or to extend the absorption spectrum of Ti0
2
 into 
the visible region, sensitized- and doped-Ti0
2
 were employed in the present study. 
Under U V irradiation, Ag/P25 at 50 and 100 mg/L showed a faster inactivation for 
both S. saprophyticus and E. cloacae when compared with the use ofP25 of the same 
concentrations. It was due to a better charge separation after the loading of the silver 
clusters onto the Ti0
2









facilitates the separation between the photocatalyst and the disinfected water so that 
recycling and reuse of the photocatalyst becomes easier. Though Cu
2
0/P25 had the 
lowest photocatalytic activities under U V irradiation among all the photocatalyst 
tested, it was the only photocatalyst that showed certain activities under visible light 
irradiation. Further studies on the effect of Cu2〇/P25 concentrations indicated that 
100 mg/L was the optimal loading of photocatalyst for disinfection. However, it was 
found that the Cu20/P25-controls without light cause certain drop of E. cloacae cells 
and the decline increased with increasing the photocatalyst concentration. It is 
believed that the C112O that sensitized on the P25 surface posed certain toxic effect to 
the cells and this phenomenon was proven by the Cu
2
0 powder experiments. E. 
cloacae cells were more susceptible to the toxic effect of C112O than S. saprophyticus. 
Fluorescent lamp is commonly used in indoor environment and over 99% of light 
emitted from fluorescent tubes is visible light while having small amount of light is 
in the ultra-violet region (i.e. about 0.1% emitted is UV-A light (X �320 - 400 nm)). 
Since fluorescent lamps are readily available in most indoor environment, it is worth 
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to find out the bacterial inactivation through fluorescent lamp-mediated PCO. All the 
photocatalysts showed certain inactivation in the 3 h P C O process under fluorescent 
lamp irradiation and the inactivation rate was faster by using P25 or Ag/P25 when 






0/P25. As a consequence, P25 and 
Ag/P25 are potentially applicable for bacterial inactivation upon fluorescent lamps 
irradiation. 
Besides getting information about the inactivation efficiency of different 
photocatalysts under various irradiation sources, Transmission electron microscopy 
(TEM) was performed to determine the degree of destruction of bacterial cells during 
P C O so as to get a better understanding of the P C O disinfection mechanisms. From 
the T E M micrographs, it is observed that the cells started to develop 
electron-translucent portions in the cytoplasm after 30 min of P C O reaction (in case 
of using P25 and UV). It is believed that the primary mechanism was lipid 
peroxidation of cytoplasmic membrane which leaded to the leakage of cytoplasmic 
contents and oxidation of intracellular components after the entry of *OH. It would 
eventually lead to the formation of hollow regions observed in the T E M micrographs. 
Later, the bacterial cell wall was destructed by oxidation and finally disintegration of 
the cells was observed in the 90 min T E M micrographs. The cells were disintegrated 
into fragments and therefore, re-growth or re-activation of bacteria was not possible. 
It was also found from the T E M micrographs that the destruction of bacterial cells 
occurred in a much slower manner when the combination of Cu2〇/P25 and visible 
light was used. The slow rate of destruction may due to the insufficient *OH 
generated so that observable damages of bacterial cells within the time of 
investigation cannot be detected. 
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Finally, the C A T and S O D activities of both bacterial cells were investigated and 
compared. It was found that both cells had similar activities of SOD. Therefore, the 
ability of them to deal with stress were similar. However, the CAT test showed 
that S. saprophyticus contained a higher activity of CAT when compared with E. 









0 in case of S. saprophyticus and the further generation of 
highly oxidative *OH in the conduction band would thus be inhibited. As a result, the 
fact that S. saprophyticus was inactivated at a slower rate than E. cloacae was 
partially due to the higher ability of S. saprophyticus to scavenge H2O2, which is an 
important reaction intermediate formed in the P C O process. 
In order to apply P C O disinfection in real treatment system, a number of problems 
should be considered. Firstly, wastewater usually contains some organic compounds, 
inorganic ions as well as microbes. Since the action of *OH is non-selective, it will 
degrade the organic compounds besides inactivating the bacteria in wastewater. 
Although it may be an advantage of P C O since it can take care of both organic 
compounds and microbes in wastewater, the availability of *OH for the inactivation 
of bacteria will be lowered. Secondly, inorganic ions such as phosphate and chloride 
will affect the generation of *OH during P C O process. Thirdly, in order to treat a 
large quantity of wastewater in real situation, the design of a large and complex 
reactor is crucial since it will directly affect the inactivation efficiency of bacteria. 
Finally, the use of photocatalyst in a freely suspension in the present study may be 
difficult to scale-up since the photocatalyst has to be retrieved from the treated water 
for recycling and reuse. The immobilization of the photocatalyst on some surfaces 
may solve this problem but the inactivation efficiency may be lowered since there 
will be less contact between the bacterial cells and the immobilized photocatalyst. 
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The use of different photocatalysts and light sources in this study is to explore the 
possible use of visible light and/or sunlight for P C O disinfection. It can eliminate the 
use of potentially hazardous UV-A irradiation and reduce the cost of treatment. In 
some indoor environment such as in hospitals, disinfection is especially critical and 
the visible light-mediated P C O reaction (with the use of a suitable photocatalyst) can 
ensure disinfection to be carried out continuously once there is illumination source. 
Apart from visible light, solar energy can also be used as irradiation source. Sunlight 
contains over 95% of visible light with trace amount of UV, it can be applied in P C O 
reaction especially in some developing countries where electricity may not be 
available. The present study showed that the trace amount of U V (emitted from 
fluorescent tubes) could already excite photocatalysts like P25 and Ag/P25 to carry 
out disinfection. Therefore, these photocatalysts can be potentially used under 
sunlight irradiation. More researches should be done concerning the scale-up of the 
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Al . l Production of Ag/P25 (Zhang et al, 2003) 
Ag/P25 was prepared by suspending 1.0 g of P25 into 40 m L of 0.1% (w/v) PI23 
(triblock copolymer) ethanolic solution with the subsequent addition of 0.1 M silver 
ammonia complex ions aqueous solution. The suspension was then illuminated under 
ambient light for 1 h and the color of the powder changed from white to purple. The 
colored powder was recovered by centrifugation, washed by ethanol and finally dried 
at 100°C oven before use. 
A1.2 Production of Si02-Ti02 (Hu et al” 2001) 






 for 15 
h. After the cyclohexane solvent was completely vaporized at 313 K, the silica gel 
was dried at 393 K for 6 h, and calcined in air in the following three steps: 473 K for 
1 h，623 K for 1 h and then 723 K for 8 h. The photocatalyst was ready for use after 
cooled to room temperature. 
A1.3 Production of Cu20/P25 
CU
2
0/P25 was prepared by mixing 2 g of copper acetate (CAT) with P25 in the molar 
ratio of 1:5 and stirred in 125 m L of ethanol for 12 h. After ageing for about 1 to 2 h， 
the suspension was dried in a 105°C oven until all of the ethanol was evaporated. The 
dried powders, CAT/P25, were then grounded to fine particles and 0.7 g of it was 
mixed with 200 m L diethylene glycol in a flask under vigorously stirring for 15 min. 
Under the N
2
 flush, the temperature of the system was raised to 145°C gradually and 
further increased to 180°C with the addition of 6 m L Milli-Q® water. After 2 h of 
reaction, the suspension was cooled to room temperature and was centrifuged and 
rinsed with pure ethanol for at least 3 times. The product was dried in vacuum 
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